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IA b s t r a c t
A  number of novel chloride and acetato complexes, of the type M(PGE-EMI)4X 2 where M  
= Mn, Co, Ni, Cu and Zn and X  = Cf and C H 3COO', was successfully prepared and 
characterised using FTIR, N M R  and UV/Vis spectroscopic analysis. The majority of the 
complexes precipitated as brittle glasses, hence no crystallographic analysis could be 
carried out to evaluate the exact structure. However, the use of magnetic susceptibility 
measurements gave an indication of the stereochemistry of the complexes, the majority 
being octahedral as expected. A  thermal dissociation study was undertaken to ascertain 
whether the complexes were thermally dissociable at elevated temperature. This study was 
carried out using variable temperature ^ - N M R  spectroscopy and showed that the 
chloride complexes dissociated reversibly whilst the acetato complexes did not (Table 4.1). 
In order to determine whether these PGE-EMI complexes were effective curing agents in 
commercial epoxy resins, a kinetic study was carried out at 120°C. The !H - N M R  results in 
D 6-DMSO solution (Table 5.1), showed that by changing the transition metal in the 
acetato complex series from Copper to Cobalt, the rate constant (k ) of the reaction was 
affected significantly. The Copper acetato complex reacted faster than the corresponding 
Nickel and Cobalt acetato complexes, hence following the Irving-Williams series of 
thermal stability. A  bulk (solvent free) kinetic study was also carried out (Table 5.2) at 
120°C using the acetato metal complexes and showed Nickel acetate to display the fastest 
rate (for data collected at 100°C) compared with their Copper and Cobalt counterparts at 
120°C. The data above 100°C for the Nickel acetato complex appeared to show possible 
autocatalytic behaviour such that no kinetic parameters could be evaluated.
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I  d e d ic a te  th is  th e s is  to  m y  m o th e r  a n d  fa t h e r
A b b r e v ia t io n s
B M  = Bohr Magneton.
DSC = Differential Scanning Calorimetry.
Ether = diethylether (solvent).
EMI = 2-ethyl-4-methylimidazole.
FTIR = Fourier Transform Infrared (spectroscopy).
GPC = Gel Permeation Chromatography.
HPLC = High Performance Liquid Chromatography.
IM = Imidazole
IR = Infrared (spectroscopy).
N M R  = Nuclear Magnetic resonance (spectroscopy). 
PGE-EMI = l,2-epoxy-3-propane-2-ethyl-4-methylimidazole. 
ppm = parts per million.
T M S  = Tetramethylsilane
T G A  = Thermogravimetric Analysis.
Tg = glass transition temperature.
TLC Thin Layer Chromatography.
UV/Vis = Ultraviolet/Visible (spectroscopy).
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1 . E p o x y  r e s in s
L 1 . D e fin itio n  o f  an  e p o x y  res in
Epoxy resins, also known as epoxide or ethoxyline resins, are identified by 
consisting of essentially two or more epoxide functional groups per molecule1,2. Each 
epoxy resin contains the epoxy group: a three membered oxirane ring which is 
illustrated below, see Figure 1-1. This oxirane ring is the chief centre of the epoxy 
resin’s reactivity towards both nucleophilic and electrophilic species and it is thus 
receptive to attack from a wide range of reagents.
O
y - <
Figure 1-1. Structure of an epoxide group
L L 1  E p o x y  eq u iv a len t w eig h t (E E W )
The epoxy equivalent weight or epoxide equivalent is defined as the weight of 
resin in grammes which contains one gramme equivalent of epoxy2. For resins with 
linear chains e.g., oligomers based on Bisphenol A  diglycidyl ether (BADGE) 
containing no side branching and terminating with an epoxy group, the epoxy 
equivalent weight is one half the average molecular weight of a diepoxide resin and 
one third the molecular weight of a triepoxide, etc.2.
L 1 .2  H is to ry  o f  e p o x y  r e s in s
The first report of the synthesis of epoxy resins arose from work by Schrade2, 
but it was not until independent work by both Pierre Castan3 and Sylvan Greenlee4’6 
that the commercial importance of these resins was realised.
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In 1936 Castan produced a Bisphenol A  (BPA) based epoxy resin via the 
reaction between epichlorohydrin and phthalic anhydride. This produced a thermoset 
composition which could be applied in commercial dental products, although these 
later proved to be largely unsuccessful3. During 1939, Greenlee also explored the 
Bisphenol A-epichlorohydrin route and produced higher molecular weight resins which 
were subsequently esterified with unsaturated fatty acids to provide an air drying 
coating3.
Following the patents developed from the work by Castan and Greenlee, the 
Bisphenol A-epichlorohydrin resins were to become the major route for the 
manufacture of most of the epoxy resins commercially available today.
L 1 .3  S o m e co m m erc ia lly  im p orta n t e p o x y  res in s
An example of a simple epoxy resin is the product formed as a result of a 
reaction between Z>?s(4-hydroxyphenyl)-2,2 -propane, (Bisphenol A) with 1- 
chloropropene-2-oxide, (epichlorohydrin) in the presence of NaOH7. The major 
product, a B A D G E  polymer, and its condensed forms are dependent on the 
stoichiometry of the reagents used (see Figure 1-2).
O Clhv    CH3
CRj OH n€H3
Figure 1-2. Structure o f  BAD GE resin
O
The value of 11 varies from 0 to 12 and is dependent on the end use application of 
the resin.
A  commercial epoxy prepolymer which is used in this study is Shell Epikote 
828 (EEW 187) which is essentially a B A D G E  oligomer of varying purity8. This epoxy 
has found use in a wide range of applications, e.g., in coatings and adhesive 
applications.
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Another major group of epoxy resins also derived from epichlorohydrin 
includes those resins synthesised from an aromatic amine. Of these resins, the most 
important is N, ’-t etraglycidyl-4,4 * diamino diphenylmethane (TGDDM) (see
Figure 1-3.). TGDDM is a commercial epoxy prepolymer which, being a 
tetrafunctional epoxy (compared with difunctional BADGE type resins), results in 
more highly crosslinked resins9'11. MY9512 (EEW 120 g/mol) is a Ciba Geigy epoxy, 
essentially formulated with TGDDM of varying purity12.
1.2 Chemistry of the epoxy group
The epoxy group may react in two different ways: anionically and cationically. 
The anionic mechanism, involves nucleophilic attack on one of the ring carbons to 
generate an epoxy anion which is an highly reactive species, capable of further reaction 
(Figure 1-4.)2.
O
c h / - c & ~ c h 2 
c h 2 c h  c h 2 
o
CH
o
. c h 2— c h - c h 2
n  c h 2— c h - c h 21 \ /
o
Figure 1-3. Structure o f  the TG D D M  monomer
epoxy group
Figure 1-4. Anionic mechanism o f  epoxies
An example of a nucleophilic addition reaction which generates this type of activated 
species includes the reaction of alcohols where OFT acts as the nucleophile, thus 
causing ring opening of the epoxy group (Figure 1-5).
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O OH
R— C H -C H 2 + ROH  ► R—C H -C H 2— OR1
R1 = alkyl alcohol 
R = Ph-CH2—
OH OR OH
I I 0.2% HjS 0 4/  100° C ! ,
R - C H  CH2 + H 20  ---------^ R— C H — CH2— O H  +  « °H
Figure 1-5. Reaction of epoxies with alcohols
Lee and Neville2 have postulated the following three mechanisms: Mechanisms 
(1 ) and (2) involve electrophilic attack on the oxygen atom of the epoxy group to 
produce a new chemical bond and thus generate an hydroxyl group, whilst Mechanism 
(3) involves formation of an intramolecular four-membered transition state prior to the 
formation of an hydroxylic group (See figure 1-6).
(1)
(2)
O:\:d-c
HX
\
■BEpk
(OS
\  / \
J
HX
Bf
\  .X 
(3) >  C -
:oa
I I — c — c —
X  H
X0
:aa
I I
C — C -  + HX
I I
X  H
soex■G
- c —c~ 
I I
X  H
:5h
I I-c -c - 
I I
X
HX I I —c-c—
I I
X  H
+ HX
Figure 1-6. Cationic mechanism o f  epoxides
Examples of electrophilic addition reactions with epoxy groups include the 
reaction of primary amines to give secondary alcohols (Figure 1-7).
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O  O H  H
R'-NH2 + R  C H  CHj ----- >- R — C H — CHj-N-R1
Figure 1-7. Reaction of primary amines with epoxies
However, the mechanisms o f  electrophilic and nucleophilic reactions involving epoxy 
groups are rather more complex than those indicated above and will be discussed in 
greater detail in section 1.5.
1.3 Synthesis and manufacture of glycidyl epoxy resins
1 .3 .1  B is p h en o l A -ep ich lo r o h y d r in  r e s in s
The commercial synthesis o f  a BADGE type resin involves Bisphenol A  and 
Epichlorohyrin. Bisphenol A  is prepared by reacting two molar equivalents o f  phenol 
and 1 molar equivalent o f  acetone as follows (Figure 1-8)13:
Figure 1-8. Synthesis of Bisphenol A
Epichlorohydrin can be synthesised via a number o f  synthetic routes, the most common 
being the chlorination o f  propylene to give an allyl chloride product (Figure 1-9)14:
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C H 2= c h  + %  C1-CH2-CH-CI + C H 2=CH-CBjCII I 2 2
c h 3 c h 3
1,2 -Dichloropropane Ally 1 chloride
Figure 1-9. Chlorination o f propylene to give an allyl chloride
This allyl chloride is then reacted with hypochlorous acid, HOC1, to give a 
dichlorohydrin intermediate, which is itself dechlorinated with Ca(OH) 2  to give the 
desired 2,3-epoxypropylchloride (epichlorohydrin) (Figure 1-10)15:
| Ca(OH)2 /  \
CH2=CH-CH2 a  H O ^ CH2 CH-CH2a   ** CH/— CH-CH2 a  + Ca(OH)2 + HQ
Allyl chloiide E l
Figure 1-10. Formation of epichlorohydrin from dichlorohydrin intermediate
BADGE type epoxy resins, are formed by reacting a large excess of 
epichlorohydrin with Bisphenol A in the presence of a stoichiometric amount of 
sodium hydroxide (Figure 1-11)7.
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O
CHj— CIICH2CI 
Excess
+ H
N aO H
<pH
O H
CH.
O H
cich£ h c h2o
CH
ch3
O H
OCH£HCH£l
N aO H
o/ \CH2—CH—
B A D G E
Figure 1-11. Synthesis o f BADGE epoxy monomers
The reaction occurs in two stages. The epichlorohydrin is first converted into the 
dichlorohydrin intermediate by the NaOH catalysis, and the intermediate is 
dehydrochlorinated with the remainder of the NaOH to give the B A D G E  monomer. 
The epichlorohydrin is used in excess to ensure that the resulting product has terminal 
epoxy groups and to limit the production of higher molecular weight species. To 
produce higher molecular weight species, the B A D G E  is further reacted with 
Bisphenol A  to give an epoxy of the general formula as shown in Figure 1-2.
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1 .3 .2  T G D D M  re s in s
The synthesis of Af,AfAr,Af’-tetraglycidyl-4,4-diammodiphenylmethane (TGDDM) 
proceeds via a two stage reaction as shown in Figure 1-12.
NaOH
N
O
ch2- c h - ch2
Figure 1-12. Synthesis o f TGDDM epoxy monomers
The first stage involves reaction of an aromatic amine, 4,4 -diaminodiphenylmethane, 
with a slight excess of epichlorohydrin, to generate a chlorohydrin intermediate which 
is ring closed by NaOH to give TGDDM. However, a commercial T G D D M  such as 
M Y  9512 (Ciba Geigy) also contains higher oligomeric species. Therefore, it is 
assumed that during the addition process of epichlorohydrin to generate the 
chlorohydrin, this chlorohydrin further reacts with free amine to produce higher 
oligomers (Figure 1-13).
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Figure 1-13. Formation o f higher oligomers o f TGDDM11.
To reduce this oligomerisation process, Ciba Geigy controls the rate at which 
the free liberated amine reacts with epichlorohydrin. This occurs at the expense of the 
production of the chlorohydrin intermediate during the initial stage of the reaction11.
1.4 Curing of epoxy resins
In order to create three dimensional networks, epoxy resins can be cross linked 
by thermal means via the oxirane group to produce strong covalent bonds during 
processing. This results in products which are typically hard and infusible. This 
crosslinking is known as curing and the reagents which bring about curing are 
commonly called curing agents or hardeners. Compounds which effect cure are drawn 
from two general classes: (i) catalysts and (ii) hardeners. Catalysts act on the epoxy
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resin by initiating a homopolymerisation reaction to produce polyether type structures, 
while hardeners are compounds which react directly with the epoxy via a co­
polymerisation / polyaddition reaction. The latter is a step growth polymerisation 
process. Both of these curing processes are irreversible and once a resin has been 
cured it can not be recovered in its original form16,17.
1 .4 .1  C h em istry  o f  th e  c u r e  p r o c e s s
These curing reactions are highly exothermic processes which have the ability 
to transform simple, low molecular weight epoxies into three dimensional thermoset 
materials. The specific curing mechanisms fall into three main classes dependent upon 
the type of resin, curing agent and/or catalyst used.
1 .4 .1 .1  H o m o p o ly m erisa tio n  rea c tio n
The homopolymerisation process involves reaction between epoxy groups to 
produce products composed essentially of a polyether. This may occur with or without 
initiation by means of a catalytic curing agent18, as shown previously in Figure 1-2. 
Examples of catalytic curing agents which can accelerate the homopolymerisation of 
epoxy groups include Lewis acids such as Boron trifluoride adducts19 (Figure 1-14) 
and also Lewis bases e.g., tertiary amines20 (Figure 1-1519) and substituted 
imidazoles21"27.
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BF3OfiP + H ®  ^ H2°  BF3 BF3N R ^  + H ®
+ H® + CH2— CH— R1 
O
X0 = BF3O l f  or BF3NR2q 
Figure 1-14. Mechanism o f Boron trifluoride adducts with epoxides35
Figure 1-15. Reaction of tertiary amines with epoxies19
1 .4 .1 .2  P h o to p o ly m er isa tio n  rea c tio n
The photopolymerisation process involves an addition polymerisation promoted 
by efficient catalysts using UV light. The earliest report of the photopolymerisation of 
epoxides was by Strohmeier in 1965 where, by irradiating a solution of Mn2(CO)i0
->* CH2— CH— R1z\ /O
-► CH2CH— R1
i
OH
H 0 X°
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containing propylene oxide, it was possible to polymerise the propylene oxide at 
elevated temperatures, (Figure 1-16)28.
Mna(CO)10 +  10 C3H60  Mn2(C3H6O)10 + 10  CO
Figure 1-16. Reaction o f  Mn2(CO)10 with propylene oxide
Following this early report, a whole host of effective initiators has been 
produced which promote the cationic polymerisation of epoxides. Crivello29 has 
reviewed this subject quite extensively and has shown that complex aromatic salts of 
lewis acids act as thermally-stable photoinitiators. Examples of these aromatic salts 
include diaryliodium salts30,3 Hriarylsulphonium salts32,3"' and dialkylphenacylsulphonium 
salts34(see Figures 1-17 to 1-19 respectively16). After exposure to UV radiation in the 
region of 220-280 nm, these diaryliodium and triarylsulphonium salts undergo 
irreversible photolysis via C-I or C-S bond breaking processes to liberate the Lewis 
acid capable of initiating cure with the epoxy. Whilst the dialkylphenacylsulphonium 
salts dissociate to give an ylid and a lewis acid, the process is reversible dependent on 
the epoxy which is undergoing polymerisation.
Ar2I X  h v > Ar* + ArffX
<=» © © _
ArI*X + RH--------- >- Arl-HX + R*
©  ©
A rl-H X   ► Ail + HX
where X =  BF4
Ar = aryl group
Figure 1-17. Photopolymerisation of diaryliodium salts
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A i-jS X  hv > Ar +  AijS Y '  
p © ^  where X  = BF4
Ai2S*a  + RH  s- Ar2S H X +  R’ A ,L A r=  aryl group
* S eAr2S -H X  - — — ►Ar2S + HX
Figure 1-18. Photopolymerisation of triarylsulphonium salts
s* r  e  
A r - C C H 2- S C  x  
I Ro
JLY -  Ar -C -C H =  S
IO
R
R
+ HX
Figure 1-19. Photopolymerisation o f dialkylphenacylsulphonium salts
1 .4 .1 .3  C o-p olym erisa tiort/ p olya d d ition  r e a c tio n s
The co-polymerisation/polyaddition processes are the result of reactions 
between epoxy groups and hardeners. The latter become incorporated into the polymer 
chain and may, therefore, influence the structure of the resin05. Common examples of 
hardeners include primary and secondary amines and acid anhydrides. These hardeners 
cause step-growth polymerisation processes to occur, resulting in crosslinking of the 
resin to produce an infusible polymer resin with enhanced mechanical properties.
The use of hardeners, in particular aliphatic and aromatic amines, has been 
extensively studied by Scola06 as well as Schechter and co-workers37, who give a good 
description of the mechanism by which the amine addition process occurs. General 
reaction schemes are given in Figures 1-20 and 1-21 respectively.
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O OH
Ch / c H - R 1 + RNH2  *. R 1—  CH-CH2NHR
Figure 1-20. Reaction o f primary amines with epoxies (step 1)
The secondary amine produced further reacts with another epoxy group to produce a 
tertiary amine and two secondary alcohols as shown in Figure 1-2118.
H  O  O H
N -C H ,-C H -R ' + C h A u -H : --------- *- R‘-CBLCH2
*  ; nr
r - c h - c h /
i
OH
Figure 1-21. Reaction o f primary amines with epoxies (step 2)
1.5 Curing agents for epoxy resins
There is a wide range of potential curing agents for epoxy resins, but many are 
outside the scope of this thesis. Here are brief descriptions of some of the more 
important classes which have been extensively studied in the literature2,16'18.
1 .5 .1 .1  P rim a ry  a n d  S eco n d a ry  a m in es  a n d  th eir  d er iv a tiv es
As indicated earlier, the aliphatic amines and their derivatives essentially react 
via step growth polymerisation processes i.e. three competitive reactions which are all 
rate determining steps as proposed by Schecker and co-workers, Figure 1-2237.
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O
RNIIj + CHj— C H — Ri , N C H 2 C H  R ‘
R OH
H O OH
. N C H 2 CH Rl + CH2 Cn R2 ^  R1— CH CH2
R OH > - R
r2 c h c h ,2 
OH
o
R2-CH + CH/—CH-R3 — — -  R2-CH-OCHj-CH-R3I I
OH OH
Figure 1-22. Mechanism of reaction ofprimary and secondary amines with epoxides
The aliphatic amines described here are commonly used as ambient cure hardeners for 
B A D G E  type resins, due to their high reactivity and good miscibility within the epoxy 
matrix. Their higher counterparts such as polyamines and modified polyamines are also 
effective room temperature hardeners, but have the advantage over simple amines in 
that the final cured networks have higher crosslinked densities and hence improved 
mechanical properties, chemical resistance and corrosion resistance17.
1 .5 .1 .2  A ro m a tic  a m in es  a n d  th e ir  d eriv a tiv es
Aromatic amines and their derivatives can also be used to cure epoxy resins. 
The most widely reported aromatic diamine is 4,4 -diaminodiphenylmethane (DDM) 
(Figure 1-23), but others such as 4,4-diaminodiphenyl sulphone (DDS) (Figure 1-24),
3-aminobenzylamine, 3-phenylenediamine and 4,4-diaminoazodiphenylene are also 
typically used.
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Figure 1-23. Structure o f 4,4-Diamino-DiphenylMethane (DDM)
Figure 1-24. Structure o f 4,4*-Diamino-DiphenylSulphone (DDS)
The aromatic diamine (DDS), has the advantage over other aromatic amines in that it 
provides the highest heat resistance. A  combination of DDS and the TGDDM, has 
been widely used in high temperature military and aerospace laminating applications. 
This TGDDM/DDS cured system is characterised by a high Tg, and good interlaminar 
shear strength in carbon fibre laminates11,38.
1 .5 .1 .3  D icya n d ia m id e
Dicyandiamide (Dicy) (Figure 1-26.) is a cyanobiguanide derivative synthesised 
primarily from cyanamide (H2NCN)39.
h 2n o n c n
n h 2
Figure 1-25. Structure o f dicyandiamide
The physical properties of Dicy show that it is insoluble in epoxy resins at ambient 
temperature and consequently can be used as a latent hardener for epoxy resins.
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When incorporated in epoxy systems, Dicy exhibits a long shelf life of the order of six 
months at ambient temperature39.
Generally, in Dicy cures, it is usual to employ effective catalysts or co­
accelerators for cure at temperatures between 100 and 200°C, since the uncatalysed 
Dicy cure begins at temperatures in excess of 150°C39. Typical accelerators includes 
benzyldimethylamine40, (tertiary amine based catalyst), as well as 2-methylimidazole40.
Accelerated Dicy cured epoxy resins have been shown to exhibit highly 
crosslinked networks with high tensile strength, low-moderate heat resistance, high 
solvent resistance and excellent electrical insulating properties. These properties are 
essential for electrical laminates, powder coatings and adhesives where they have been 
applied. For powder coatings applications, Dicy is mixed with B A D G E  epoxy resins in 
micronised form to ensure rapid dissolution and optimum homogeneity is achieved in 
the cured product. Cure is generally initiated with imidazole accelerators.
1 .5 .1 .4  A c id  a n h yd rid es
Carboxylic acid anhydrides are commonly described16 in the context of epoxies 
as the second most important family of curing agents. Some of the most widely used 
anhydrides include; phthalic anhydride (Figure l-26a), tetrahydrophthalic (Figure 1- 
26b), and nadic methyl anhydride (Figure l-26c), etc.
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Figures l-26(a-c). Examples o f carhoxylic acid anhydrides
These acid anhydrides are important because they are readily available at low cost and 
they can be widely used to cure glycidyl and cycloaliphatic epoxy resins. Acid 
anhydrides react slowly with B A D G E  type epoxies during prolonged cures or more 
rapidly at high temperatures. These long curing schedules are required to achieve full 
cure, but the resultant cured epoxy resin exhibits low shrinkage and excellent insulation 
properties. The latter accounts for the fact that epoxies cured with anhydride are best 
suited for electrical applications e.g., heat cured surface coatings or stoving enamels41.
1 .5 .1 .5  B F 3-L ew is  a c id  ca ta ly sts
As previously stated, Boron trifluoride catalysts act as Lewis acids which are 
capable of initiating the homopolymerisation process. For the hompolymerisation of 
epoxide groups to occur, Arnold42 proposed that the BF3 mechanism first involves the 
addition of a co-catalyst such as an amine or water group to generate the required 
initiating species. This is given schematically in Figure 1-14.
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1 .5 .1 .6  T ertia ry  a m in es
Tertiary amines are capable of initiating the ring opening of epoxy groups 
leading to catalytic homopolymerisation of the epoxy resin. These curing agents play 
three roles in the cure of epoxy resins: (i) as sole curing agents; (ii) as a co-curing 
agent for aliphatic amines; and (iii) as accelerators for dicarboxylic and anhydride
43-46cures
However, tertiary amines are rarely used as sole curing agents. This is because 
the homopolymerisation reaction of epoxy resins by tertiary amines is highly sensitive 
to temperature, concentration and active-hydrogen containing impurities, and in this 
respect makes them less reliable as curing agents. When used as sole curing agents, 
tertiary amines find use in some coatings and adhesives formulations, where they are 
used to provide improved adhesion due to good surface wetting properties as a result 
of the presence of hydroxyl groups in the cured epoxy system47.
1.6 Imidazoles
1 .6 .1 .1  P h y s ica l p r o p e r tie s  o f  im id a zo les
Imidazoles, which contain the imino Nitrogen, are characterised by having high 
boiling points and display better solubility in polar solvents than in non-polar solvents 
such as benzene. In contrast, when the imino Hydrogen is substituted for a methyl 
group (e.g., in the N(l) position), the boiling point is lowered significantly and the 
solubility characteristics are quite the reverse. This pattern is observed for other 
aliphatic groups (e.g., ethyl, propyl, etc.) where they display better solubility in organic 
solvents such as benzene and cyclohexane than in water. These results show that the 
free imino Hydrogen, which is capable of intermolecular hydrogen bonding, is 
responsible for the high boiling points of imidazoles as well as contributing to their 
high solubility in polar solvents48'30.
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Table 1. Boiling points of selected imidazoles
Compound Boiling point (B.p., °C)
Imidazole 256
l-methylimidazole 198
1-propylimidazole 223
l-ethyl-2-methyIimidazole 211
2-ethyl-4-methylimidazole 292-295
1 . 6.1 .2  C h em ica l p r o p e r tie s  o f  im id a zo les
Imidazoles are amphoteric in nature: the N(l) pyrrole type Nitrogen acts as a 
weak acid and is capable of losing a proton whilst the N(3) pyridine type Nitrogen acts 
as a weak base capable of accepting protons. The diagrams below show the correct 
numbering of the imidazole ring and highlight the amphoteric behaviour of imidazoles 
on changing the pH conditions, see Figures 1-27 and 1-2831 respectively.
2
Figure 1-27. Structure o f  the imidazole ring.
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Figure 1-28. Amphoteric behaviour o f imidazoles on changing the pH  conditions
In solutions near neutrality, imidazoles function as ligands via the unshared pair 
of electrons from the pyridine type Nitrogen N(3), whilst at strongly basic pH, N(l) 
becomes deprotonated and there the anionic imidazole possess two equivalent sites for 
ligand co-ordination, bothN(l) and N(3)51.
In addition to changing the pH conditions to alter the basic strength of 
imidazoles, the nature of various substituents on the imidazole ring also has a direct 
influence on this feature. For example, introduction of a methyl or an ethyl group at 
N(l) increases the basic strength of the imidazole ring, whilst the addition of a nitro 
group to the ring decreases the basic strength dramatically, due to a loss of electron 
density about the pyridine type Nitrogen50. Table 1.2 highlights this phenomenon with 
calculated pKa values for selected imidazoles.
Chapter 1- Introduction 23
Table 1.2. Basic strength for selected imidazoles
Compound Basic strength (pKa)
Imidazole 6.95
l-methylimidazole 7.25
1-ethylimidazole 7.30
4(5)-methylimidazole 7.61
2,4-dimetliylimidazole 8.00
1 .6 .2  S tr u c tu r a l c o n s id e r a tio n s  o f  th e  im id a z o le  r in g
1 .6 .2 .1 . A ro m a tic ity  a n d  rea ctiv ity  o f  th e  im id a zo le  r in g
The imidazole ring exists in a number of resonance hybrid forms whose contributions 
to its structure results in the imidazole having increased reactivity as compared to 
benzene, see Figure 1-2948.
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Figure 1-29. Resonance structures o f imidazoles
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The relationship between the degree of resonance and chemical stability of the 
imidazole series is well illustrated, by a comparision of their stability towards 
hydrolysis compared with imidazoldines48. The contributions from the set of resonance 
hybrid forms which appears to account for the enhanced reactivity, i.e., aromatic 
substitution behaviour towards both electrophilic and nucleophilic species to produce a 
wide range of alkylated and acylated substituted imidazoles48.
1 .6 .2 .2  T a u tom eric  n a tu re  o f  im id a zo les
Imidazoles which contain a subsititutent in the 4- or 5-position (and the imino 
Nitrogen is unsubsituted) are expected to occur in isomeric forms as illustrated in 
Figure 1-30.
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Figure 1-30. Tautomeric nature o f 4(5) subsituted imidazoles
However, this proton exchange is too rapid to allow separate isolation of the 4- and 5- 
subsituted imidazoles and in solution the tautomers exist predominately in one 
form48,50. For example, from N M R  evidence, 2-ethyl-4(5)-methylimidazoles are shown 
in solution to exist as a mixture of 4- and 5- tautomeric forms.
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1.6.3 Imidazole Complexes
The importance of imidazoles complexing with transition metal salts has been 
the subject of an extensive review51, due to the ligand’s involvement in biological 
systems. Examples include iron-haeme systems, Vitamin B 12 and its derivatives, and 
also several metalioproteins51'53.
Several imidazole related metal complexes have been studied extensively and 
X-ray crystallographic data have shown the metal ion bound to the pyridine type 
Nitrogen, N(3). An example of a [Zn(Imidazole)6]Cl2.4H20  metal complex54, is shown 
in Figure 1-31.
Zn n c
Figure 1-31. Structure o f  a fZn (Imidazole) 6 ]Cl2.4H 20  metal complex54
The tendency of imidazoles to form hexakis complexes of the type [M(IM)6]X2 
(where Im = imidazole, X  = halide ion) has been established in the literature55’56, 
particularly with metal cations such as M  = Mn(II), Fe(II), Co(II) and Ni(II). In 
contrast, Zn(II) and Cu(II) prefer compositions of [M(DVt)4]X257,58 and Ag prefers 
[Ag(IM)2]X, where X  = halide ion, nitrate etc.59,60. Freeman and Szymanski61 showed 
that all Nitrogen-bound complexes of neutral imidazole derivatives occurred via N(3)
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pyridine type Nitrogen. In complexes involving neutral monodentate imidazole, a range 
of co-ordination geometries is also observed with the first row transition metals; the 
majority of which are octahedral and tetrahedral.
2-Methylimidazole (2-Meim) and further subsitituted imidazoles all form a 
series of metal complexes with the first row transition metals and give mainly the hexa- 
coordinate derivative where similarly the imidazole is bound to the metal via the N(3) 
pyridine type Nitrogen as shown earlier57,62. Unexpected complexes can also occur 
with imidazoles and can give rise to unusual geometries. An example of this is the high 
spin d5 Manganese(II) complex with 2-methylimidazole, where Birdy and Goodgame63 
prepared a MnCl2(2-Meim)3 complex irrespective of the ratio of the starting materials. 
Crystallographic analysis63 has shown the complex to be severely distorted and of 
trigonal bipyramidal geometry, which is relatively rare for d5 complexes.
In sufficiently basic media, imidazoles can complex with dipositive metal salts 
via N(l) and N(3) Nitrogen atoms to form a series of compounds with stoichiometry 
M(EVr)251,64,65. These imidazolato complexes are found to be polymeric in nature and 
an example of this structure includes the Cu(IIVr)2 metal complex64,66, as shown in 
Figure 1-32.
Figure 1-32. Structure of a Cu(IM)2 imidazolato complex
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1.6.4 Imidazoles as curing agents for epoxies
Imidazoles have been shown to react via a nucleophilic substitution reaction 
towards epoxides. The N(l), or pyrrole type, Nitrogen in the imidazole ring is weakly 
acidic, due to the inductive effect of the tertiary Nitrogen. It is known that the acidic 
N(l) proton is responsible for acting as a nucleophilic centre towards epoxies67.
An example of a nucleophilic substitution reaction includes the reaction of phenyl 
glycidylether (PGE) 2 with 2-ethyl-4(5)-methylimidazole (EMI) 1 to produce a 
subsitituted imidazole (PGE-EMI), as shown in Figure 1-33.
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Figure 1-33. Synthesis o f  P G E -E M I adduct
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The reaction mechanism for this preparation is described in considerable detail in 
Chapter 3. Furthermore, it has been observed that PGE-EMI and other 1-substituted 
imidazoles catalyse the rapid homopolymerisation of epoxy resins via the secondary 
pyrrole type Nitrogen (N3), leading ultimately to the formation of a crosslinked resin. 
The reaction mechanism by which this crosslinking occurs has been discussed 
extensively in the literature. Following early work by Farkas and Strohm21, Dearlove et 
al.61, Heise and Martin68’69, Ricciardi et al.26,10 and Barton et al.24 have tried to 
evaluate the exact mechanism by which the imidazole cure occurs, but some details 
concerning the mechanism still remain speculative.
All the above authors conclude that the mechanism can be given below, where 
2-ethyl-4(5)-methylimidazole is used as an example:
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Figure 1-34. Mechanism of imidazole cure with epoxies
The mechanism proceeds via a two step process. The initial stage is postulated as the 
attack of the imino Nitrogen on the terminal carbon of the epoxy group to generate a
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1:1 molar adduct. This initial adduct formed may then attack further epoxy groups by 
ring opening to form a 2:1 molar adduct, which is an ionic intermediate stabilised 
through resonance. This 2:1 adduct contains a highly reactive alkoxide ion. On 
reaction with additional epoxide groups, the latter causes chain growth via 
polyetherification which crosslinks the resin and determines the final properties of the 
network.
There are several advantages to using imidazoles as curing agents for epoxies. 
The final cured product has been shown to exhibit good mechanical and electrical 
properties, has superior dimensional ability (i.e., greater resistance to dimensional 
change in processing), as well as good resistance to heat and chemical attack40’72. 
Owing to the superior chemical stability and relatively high heat resistance which the 
cured polymer possesses, the imidazoles are used extensively in commercial 
formulations where they find use in the electronics industry as moulding and sealing 
compounds71.
Since imidazoles exhibit high reactivity towards epoxies68’69, cure takes place 
(albeit very slowly) even at room temperature. Consequently, formulations including 
imidazoles exhibit low stability at room temperature: during storage the viscosity of the 
mixture increases as the reaction proceeds. This, in turn, creates a problem when one 
pot compositions are to be made and stored for later use. From the knowledge gained 
from the reaction mechanism, several authors72’75 have reported a means of 
suppressing the rapid adduct formation in such a way as to tailor the imidazole for 
incorporation into one pot epoxy formulations.
1. 6 .4 .1  M o d ifie d  im id a zo les  a s  la ten t cu r in g  a g en ts
To overcome the stability problems encountered with the unmodified 
imidazoles at room temperature, several authors have reported stabilising imidazoles 
by complexation with transition metal salts72'75. The imidazoles modified in this way 
are relatively unreactive at room temperature whilst exhibiting rapid cure 
characteristics at elevated temperatures75.
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Complexation has been shown 72-75 to be an effective way of occupying the lone pair of 
electrons of the pyridine type Nitrogen to deactivate the imidazole at room 
temperature, see Figure 1-35.
O-CH^CH-CH^— : ___________]yj® where M = transition metal
k ' Axx I L = anionD H  CE^CHj
Figure 1-35. PGE-EMI complexed with a variety o f metal salts
Dowbenko et al.73,74 initially employed this approach and prepared a wide range of 
substituted imidazole complexes. They found that Copper complexes were the 
preferred latent curing agents, since they exhibited the highest stability at room 
temperature and the fastest catalytic action at elevated temperatures over all other 
complexes studied.
However, the incorporation of the metal-complexed imidazole into the epoxy 
resin poses a solubility problem, since most metal-imidazole complexes are crystalline 
materials and are relatively insoluble in epoxies75.
Barton72,75 found that by using the 1:1 adduct of phenyl glycidyl ether (PGE) 
with 2-ethyl-4-methylimidazole (EMI) (which has already been shown to be an highly 
effective curing agent76) and further complexing this adduct with a whole variety of 
metal salts, he could produce a series of epoxy-imidazole adducts which could be used 
as latent curing agents for epoxy resins (as shown in Figure 1-35). The advantage of 
using this adduct to deactivate the imidazole, is that the corresponding complexes 
exhibit high solubility in epoxies and organic solvents, compared with the Dowbenko 
complexes73,74. In common with the Dowbenko patent, Barton found that Cu2+ 
complexes were the preferred accelerators and gave the greatest storage stability in 
commercial epoxy resins.
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Hamerton et al.75 investigated the mechanism of cure of these metal imidazole 
complexes and their degree of effectiveness as curing agents for epoxy resins. It was 
found that on heating these PGE-EMI complexes, they dissociate to liberate the free 
imidazole, as the active curing agent. ^ -N M R  studies show that a Cu(PGE-EMI)4 Cl2 
complex to be an effective curing agent between 120-130°C and to exhibit greater 
stability over the uncomplexed imidazole, PGE-EMI.
A  further series of metal-imidazole complexes have been prepared involving the 
use of lanthanide metal ions as latent curing agents for epoxy resins. Wayda et a/.77,78 
reported the preparation of a series of metal complexes using 2,2,6,6-tetramethyl-3,5- 
heptanedione (THD) with various Lanthanide metals (Eu, Ho, Pr, Dy, Yb and Gd) 
which exhibit similar characteristics to the Cu2+(PGE-EMI)4Cl2 complex in epoxy resin 
systems. The Lanthanide complexes act as latent curing agents and can improve some 
of the properties (e.g., fracture toughness) of the cured epoxy. Wayda et al. confirmed, 
from DSC measurements, that the cure temperature was related inversely to the ionic 
radius of the Lanthanide metal ion, and these DSC results were shown to effect the 
thermal stability of the complexes. Ytterbium was shown to be the most stable 
complex, since it has a relatively small ionic radius, initiating cure at higher 
temperatures than the corresponding Praseodymium complex.
Other related studies by Lin and co-workers79,80 showed that by incorporating 
organometallic metal complexes into the epoxy resin, superior mechanical properties 
were observed. For example, when Cr(acac)3 (where acac = acetylacetato) was added 
to BADGE at 100°C, a faster increase in viscosity was observed on mixing, showing 
that interaction between the Cr(acac)3 and the BADGE hydroxyl groups had occurred. 
The resultant cured BADGE resin was shown to have a higher fracture toughness 
compared with a BADGE resin cured without Cr(acac)3.
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1.7.1 Scope of this work
The main aim of this work was to extend the study of these PGE-EMI metal 
complexes as latent curing agents for epoxy resins in the following ways:
1) to prepare and characterise a series of epoxy-imidazole adducts of phenyl glycidyl 
ether and 2-ethyl-4-methylimidazole (PGE-EMI) with the acetato and chloride 
transition metal salts of Mn, Co, Ni, Cu, Zn and Ag;
2) to investigate further the dissociation mechanism which causes the PGE-EMI 
adduct to be liberated from the complex, prior to initiating epoxy cure, using the initial 
work as a guide75;
(3) to ascertain whether the thermal dissociation temperature of the complexes is 
affected by changing both the counter anion and metal cation and to ascertain the 
overall effect that they have on the thermodynamic stability of the complex;
3) to investigate the reactivity of the PGE-EMI metal complexes within the epoxy 
matrix using a kinetic study in solution and bulk state environments at elevated 
temperatures.
Chapter 1- Introduction 33
C o m p lex es  s tu d ied
Metal complexes of the form shown below (Figure 1-36) were prepared in this 
study. The methods used for the preparation and characterisation of these complexes 
and the details of the thermal dissociation and kinetic data analyses performed on these 
complexes are given in Chapters 3, 4 and 5.
1
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M = Mn, Co, Ni, Cu, Zn and Ag
l = c i-,c h3coo -
n = 1-4
Figure 1-36. Complexes synthesised in this work
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2.1 Magnetic susceptibility
In the presence of a magnetic field, magnetic dipoles within a material become 
partially orientated. This magnetic dipole moment is referred to as the magnetisation 
M  of a material. The unit of the magnetisation vector M  is Am'1 (ampere per unit 
metre). Another vector quantity of importance is the magnetic field H and is defined
as:
jg
H s  M  equation 2-1.
fro
where po is the permeability of vacuum (4tc x  10'7 N A'2), magnetic field H is a vector 
and its magnitude is expressed in Am'1'
However, Equation 2-1 is better written as in equation 2-2 to show the physical 
significance of H more clearly:
B p0 (H + M ) equation 2-2.
where B is referred to as the magnetic flux density, which determines the magnetic 
force on a moving charged particle, p0H arises from the electric currents produced in 
the magnetic field and poM arises from the magnetic moments induced by the 
magnetising field.
Hence, for isotropic substances , the magnetic susceptibility, is defined by:
M  rf * 3% = —  equation 2-3.H
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where M  and H are magnitudes of magnetisation and magnetic field vectors. Thus % 
is a dimensionless quantity. Materials whose magnetic moments become orientated in 
the direction of the applied magnetic field give rise to positive % results and are called 
paramagnetic substances, whilst materials whose magnetic moments oppose the 
direction of the magnetic field have negative % results and are called diamagnetic81.
2.1.1 Magnetic Susceptibility Measurements
The room temperature magnetic moments and susceptibility measurements 
were determined in both the solid and liquid states by the Gouy balance method82.
The Gouy balance was first calibrated using Hg[Co(SCN)]4 and 
[Ni(en)3]S203) to ensure a correct calibration constant was achieved before samples 
were placed into the instrument. Samples were then prepared by packing the solid 
tightly into thin pyrex glass tubes which had been previously calibrated for their 
diamagnetism at the desired temperature and the length of sample, 1, measured. The 
sample mass, m, of the compound was determined by subtracting the accurate weight 
(to 4 dec. pl.) of the filled sample tube from the empty tube. The filled sample tubes
were then placed into the balance and the mass magnetic susceptibility, %g, was then
calculated using the following equation (equation 2-4):
_  C lfR -R o j equation2 -4 .
k s m
where C = Calibration constant,
1 = sample length in cm,
R = reading from sample containing paramagnetic compound,
Ro = reading from empty sample tube, 
m = sample mass in grammes.
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The magnetic susceptibilities of the solutions were calculated using the 
density of the liquid and the volume susceptibility term as given in the following 
expression: (equation 2-5).
v = C (R  R °) + Xjy equation 2-5.
A/" lxlO9 Ads ds
where % v -  volume susceptibility of displaced air (0.029 x 10'6 erg. G'2 cm'3), 
ds = density of solution (g cm'3),
A  = cross-sectional area of the sample (cm2).
The solution susceptibility, % s, is then converted into the mass susceptibility, 
Xg, using the Weidemann82 additivity relationship (equation 2-6):
x  = ' r f —  X  + X, equation 2-6.
m x + m 0 nij + m 0
where mi = mass of sample (grammes), 
m 0 = mass of solvent (grammes),
Xo = mass susceptibility of the solvent (erg. G'2 g'1).
Once the mass susceptibility of the solid or solution had been determined, the 
effective magnetic moment (peff) was then calculated using the molar susceptibility,
Xm- The mass susceptibility, was converted into the molar susceptibility by
multiplying X° by the molecular weight (MW) of the paramagnetic compound, 
(equation 2-7):
Xm = X o MW 
= Xg
equation 2-7.
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This molar susceptibility, % m, is corrected by taking into account the 
diamagnetism of the ligands and groups present in the complex, using Pascal’s 
constants to give the molar susceptibility of the paramagnetic ion, % a (equation 2-8):
X- = X- + sum of all diamagnetic corrections equation 2-8.
The effective magnetic moment, peff, was then calculated using % a, (equation 2-9).
(icrr =2.828 -yjx/T equation 2-9.
where % a = molar susceptibility of the paramagnetic ion,
T = absolute temperature (Kelvin).
Chapter 2- Experimental methods 39
2 .2  S p e c t r o s c o p ic  m e a s u r e m e n ts
2 .2 .1  N u c lea r  m a g n etic  r e s o n a n c e  S p ec tr o sco p y
Nuclear Magnetic Resonance (NMR) Spectroscopy is concerned with atomic 
nuclei which absorb energy at frequencies below 1.2 x 109Hz. Such nuclei must 
possess a property called spin angular momentum (I) which allows these nuclei to 
generate a magnetic field. These type of nuclei are called N M R  active nuclei and 
examples are XH, 2H, 13C and 31pseeref83
2 .2 .1 .1  P r in c ip le s  o f  n u c lea r  m a g n etic  r e s o n a n c e  s p e c tr o s c o p y
All nuclei have spin. Examples are the 1H  nucleus which has a spin I = 1/2, 
15N  has I = 1/2 and 7Li has spin I = 3/2.
For a nucleus, the spin angular momentum is represented as I, and the nuclear 
spin quantum number is also represented as I, but is simply referred to as the spin. 
The magnitude of the spin angular momentum I for a nucleus depends on the spin 
quantum number I of that nucleus. W e  can write
jl| = ^ l(l  + ifi equation 2-10.
hwhere h = —  = quantum angular momentum of magnitude h (referred to as h-bar). 
2%
h = Planck constant (6.626 x 10'34J s)
In the N M R  experiment, a sample is placed into an external magnetic field of 
strength H 0. In the magnetic field, nuclei have two different spin energy levels, one 
corresponding to the nuclei being aligned with the external field (low energy level 
state) and one where the nuclei are aligned against the magnetic field (high energy 
level state).
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When a pulse of electromagnetic radiation is applied to the system, the nuclei absorb 
energy equivalent to the difference between the energies of these two levels resulting 
in the nucleus making a transition to a higher energy level. This behaviour is referred 
to as Nuclear Magnetic Resonance (NMR).
These nuclear transitions are a result of interaction between the oscillating 
magnetic field of the electromagnetic radiation and the magnetic moment 
of the sample in the system. These nuclear transitions are termed magnetic dipole 
interactions.
The frequency pulse of the electromagnetic radiation that is absorbed or 
emitted by an N M R  transition is given by
where u = frequency of radiation and is referred to as the Larmor frequency,
h = Planck’s constant, gN=is the nuclear g factor, pN = nuclear magneton and 
B = magnetic flux density.
Since the energy levels are equally separated in energy there is a single N M R  
frequency to resonate each nucleus84.
2 .2 .1 .2  C h em ica l sh ift
The chemical shift is defined as the shift from the reference T M S  at which the signal 
appears85. Chemical shifts are usually measured in parts per million which can be 
obtained from the formula:
-  frequency of reference)]
iSn IM-nB
h
equation 2-11.
x 106 equation 2-12.
Larmor frequency
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2 .2 .1 .3  N M R  m ea su rem en ts
There are two methods for obtaining high resolution N M R  spectra on liquids: 
continuous wave (cw) or Fourier transform (FT). This chapter, however, concerns 
the application of FT-NMR spectroscopy86’87, which was used throughout the work.
The Fourier transform ^ - N M R  experiment was carried out using a Bruker 
A C  300 N M R  spectrometer operating at 300.13 MHz. A  sample (dissolved in CDC13 
or Dg-DMSO with TMS as internal reference) was placed in a 5mm N M R  tube and 
placed into the N M R  magnet. The sample was irradiated with a powerful pulse of 
radio frequency radiation (RF) which excites all possible N M R  active nuclei to 
resonate at their appropriate Larmor frequencies (equation 2-11). The phase sensitive 
detector connected to the N M R  instrument, monitors the change in the magnetisation 
of the excited nuclei as they lose energy to their surroundings and their magnetisation 
relaxes back to zero. This is called the spin-lattice relaxation or longitudinal 
relaxation (TJ time and is given by88:
(m ,), = ( M > 1-e equation 2-13.
A  plot of the magnetisation of a sample decaying back to zero as a function of time is 
called the free induction decay (FID), (Figure 2-1). As all the N M R  active nuclei 
were excited simultaneously, this allowed multiple scans (64 scans in total) to be 
taken which were co-added to produce an FID with a low signal to noise ratio. These 
multiple scans were stored in a computer and by Fourier transforming the FID the 
“normal” N M R  spectrum was obtained (Figure 2-2).
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Figure 2-1. Signal versus time for a free induction decay (FID) after a pulse o f 
high frequency radiation
Figure 2-2. 1H-NMR spectrum o f PGE-EMI in CDCl3
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Paramagnetic substances have been shown by N M R  to have fast relaxation 
times (Ti) i.e. they relax too quickly, therefore it becomes difficult to achieve an 
N M R  spectrum89. To overcome these problems, it is necessary to decrease the pulse 
sequence i.e., a shorter Ti time or faster, longer pulse sequence is required89.
13C nuclei have low sensitivity compared with *H nuclei and to obtain good 
13C spectra, it is necessary to use a higher sample concentration. Typical 
concentrations were 30-60 mg of compound in 0.5 ml of deuterated solvent and 
routine 13C-NMR were obtained as proton decoupled spectra at 75.468 M H z 89. In 
the decoupling experiment, all the nuclei are irradiated with a strong RF which covers 
the resonance frequencies of all the protons in the molecule. As all the hydrogen 
nuclei have been excited simultaneously, the nuclei do not spend sufficient time in the 
high and low energy states to couple with the 13C nuclei. This allows each hydrogen 
on the N M R  timescale to be in an average state, so that no coupling is seen. This 
process increases the sensitivity of the signals and reduces the complexities of the 
spectrum, such that each carbon appears as a sharp singlet90,91.
2 .2 .2  In fr a r e d  S p ec tr o sco p y
Infrared (IR) spectroscopy is a type of absorption spectroscopy which 
involves energy emitted in the IR region (lx 10‘4 - 2.5 x 10'6 m) which is sufficient to 
change the vibrational state in the bonds of a molecule. In order for a molecule to 
absorb IR radiation, there must be a change in the dipole moment in the molecule. 
Such molecules are Infrared-active, whereas those whose motion does not cause a 
change in the dipole moment are Infrared-inactive92.
2 .2 .2 .1  P r in c ip le s  o f  In fr a r e d  sp e c tr o s c o p y
A  complex molecule has a large number of vibrational modes which involve 
the whole molecule. Some of these molecular vibrations are associated with the 
vibrations of individual bonds or functional groups (localised vibrations) whilst others
Chapter 2- Experimental methods 44
are considered as vibrations of the whole molecule. Localised vibrations include 
stretching, bending rocking twisting or wagging and are useful for the identification 
of functional groups92. The frequency of the stretching vibrations is obtained using 
Hooke’s law as given by:
1 k ^v = -----„ —  equation 2-14.
(2tcc) V p
where v is the frequency of the vibration (cm'1), p is the reduced mass of the atoms 
(grammes), c is the speed of light (3 x 1010 cm s'1), and k is the force constant for the 
bond (dyne cm'1).
The reduced mass p is calculated from the following expression:
in. in rt . _ * _p = --- — —  equation 2-15.mj+nij
where mi and m 2 are the individual atoms in the bond.
From Hooke’s law, it can be shown that if the bond has a large force constant it is a 
strong bond whilst if the masses of the individual atoms in the bond increase the 
vibrational energy decreases {e.g., in the stretching frequencies of the hydrogen 
halides where H-F> H-C1> H-Br> H-I)92
The stretching frequencies for the most common functional groups are 
tabulated and can be referred to in many textbooks (see reference 93).
In addition to stretching motions, there are vibrations associated with the 
bending motions of bonds. Bending motions usually have much lower frequencies 
than the stretching motions and some bending vibrations (e.g., of substituted
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benzenes between 650 and 850 cm'1) cause a drastic change in the dipole moment of 
the molecule giving rise to very strong peaks.
Apart from the frequency of the peak, the IR spectrum shows a wealth of 
other information. Very broad bands are usually associated with hydrogen bonding 
and sharp bands are usually indicative of ring systems, most often aromatic ring 
systems. Inorganic functional groups are often highlighted in IR spectroscopy. In our 
case the nitrate group, N O 3", has a stretching frequency at ca. 1380 cm'1. Another 
interesting functional group includes the acetato, CH3COO' group. There are two IR 
absorption bands for the acetate vibration. The antisymmetric band, vas, occurs ca. 
1600 cm'1 whilst the symmetric vibration vs occurs at ca. 1400 cm'1. Using the 
frequency separation (Av) between these two vibrations, it can be possible to 
determine the mode of co-ordination of the acetate ligand, i.e. whether it be 
monodentate or bidentate, which is useful in complexation chemistry94.
2 .2 .2 .2  IR  o f  m eta l c o m p le x e s
When a transition metal interacts with ligands, changes occur in the position 
of the stretching bands of the ligands. Furthermore new metal-ligand vibrations are 
also observed in the IR spectra. In this context the main area of IR interest is the far- 
infrared region which operates from 400-50 cm"1. Many authors55"58,62 have reported 
that using the low frequency range of the IR spectrum yields structural 
characterisation and stereochemical information concerning the rearrangements of 
complexes. Goodgame56"58, Eilbeck62, Reedijk55 and Nakamoto95,96 have reported the 
extensive use of far infrared spectroscopy to study and assign the coordination 
geometries (where possible) of transition metal complexes.
In the course of this work, routine mid-IR spectra were recorded using a 
Perkin Elmer System Series 2000 Fourier Transform Infrared Spectrometer in the 
range 4000-370 cm'1. Samples were prepared as nujol mulls, KBr discs and thin films
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on KBr plates where appropriate. Spectroscopic grade KBr was used which was 
dried at 400°C in an oven and allowed to cool in a desiccator before use.
Routine far-IR spectra were recorded using a ATI Mattson FTIR Research 
series spectrometer located at Imperial College London. Samples were prepared as 
nujol mulls on Csl plates in the range 600-200 cm'1.
2.2.3 Ultraviolet /  Visible Spectroscopy
Ultraviolet/Visible (UV/Vis) spectroscopy is concerned with transitions 
between electronic energy levels. The electronic transitions occur from the molecular 
ground state to the excited state and the wavelength of the absorbed energy is 
calculated by the separation in energy between these two energy levels97,98. The 
ultraviolet (UV) region encompasses the 100-400 nm range and gives rise to 
transitions mainly between valence shell electrons. The Visible (Vis) region 
encompasses 200-900 nm and involves electronic transitions between d or f electron 
energy levels and is particularly important when investigating transition metal 
chemistry.
V  I   B G Y O R colour observed
UV Region —► IR region
400
25,000
wavelength
frequency
700 nm 
14,285 cm'1
• » 97Figure 2-3. Visible region o f electromagnetic spectrum
The electromagnetic spectrum (Figure 2-3) shows the observed colour 
frequencies of many compounds that absorb in the Visible region. An example
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includes the Co(PGE-EMI)4Cl2 complex which absorbs at 600 nm i.e., the yellow- 
orange region of the spectrum. This is the colour absorbed. The colour of a 
compound depends on the colour transmitted, which is the complement of the 
absorbed colour. Thus, the complex Co(PGE-EMI)4Cl2 appears royal blue in colour.
2. 2 .3 .1  P r in c ip le s  o f  U V  s p e c tr o s c o p y
When considering electronic spectra, one is increasingly concerned with the 
intensity of absorption or emission of light. One can detect the intensity of absorption 
at a particular wavelength by passing a monochromatic beam of light through a 
known sample of thickness and concentration by ratioing the intensity I of the 
transmitted light for the solution to the intensity lo for the solvent. This is called the 
transmittance. The spectrophotometer (a double beam instrument) records the 
transmittance at different wavelengths and the absorption spectrum of the sample can 
be mapped. The absorption spectrum is formulated from two empirical laws:
Lambert’s law states “that the fraction of the incident light is independent of the 
intensity of the source”.
Beer’s Law states “that the absorption is proportional to the number of absorbing 
molecules” . Combining these two laws, the Beer-Lambert Law may be derived as 
follows:
The probability that a photon will be absorbed is usually directly proportional 
to the concentration of the absorbing molecules and the thickness of the sample. The 
probability is expressed mathematically by equation 2-16:
~  = Kcdx equation 2-16.
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where I is the intensity of light of a particular wavelength, dl is the change in light 
intensity produced by absorption in a thin layer of thickness dx, concentration is
measured through the cell in the direction of the beam of light being absorbed.
The intensity of a beam of light after passing through length 1 of a solution is 
related to the incident light intensity I0 by integrating equation 2-16 between the units 
lo when x = 0 and I when x = 1:
Taking logarimiths to the base 10 instead of natural logs, the Beer-Lambert Law 
becomes:
where the quantity log (Iq/I) is referred to as the absorbance A, e is referred to as the
dm'3 and 1, the path length in cm.
The Beer-lambert law says ”that the absorbance is directly proportional to the 
concentration c and to the pathlength 1”. The proportionality constant is characteristic 
of the solute and depends on the wavelength of light, solvent and temperature. Since 
the molar absorption depends on the wavelength, the Beer-Lambert Law is obeyed at 
each wavelength".
measured in mol dm'3, k is the naperian molar absorption coefficient, the distance x is
=  -KC Jdx
0
1
equation 2-17.
i. i„
equation 2-18.
equation 2-19.
molar absorption coefficient (SI units m 2 mol'1), concentration is measured in mol
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In the course of this work, UV/Vis spectra were recorded using a Perkin 
Elmer 306 Series UV/Vis Double beam Spectrophotometer in the range 300-900 nm. 
Samples were prepared in concentrations of 1 x 10*5 mols in ethanol as the baseline 
solvent, using a quartz cell of pathlength 1 cm. Sample spectra were then compared 
to the starting material spectra for band shifts due to changes in the electronic 
environments.
2.2.4 Atomic Absorption Spectroscopy
Atomic Absorption Spectroscopy (AAS) was used to measure the metal 
content in a given compound. The technique involves neutral or ground state atoms 
of a particular element absorbing electromagnetic radiation over a series of very 
narrow wavelengths. It is important to note that a narrow wavelength selection is 
chosen to prevent any chance of interference by absorption of spectral lines of other 
elements100. Table 2.1 shows selected elements which can be detected by AAS, 
although nearly all in the Periodic Table can be studied. The sensitivity range for 
these particular elements is ca. 1 ppm.
Table 2.1. Selected elements which can be detected by AAS
Element Wavelength
(nm)
Manganese 279.5
240.7 
232.0
324.7 
328.4 
213.9
Cobalt
Nickel
Copper
Silver
Zinc
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In order to calculate the concentration of the metal present in a compound, a 
series of standard solutions with known concentrations was prepared over the range 
of interest (0.00-2.00 ppm). The standard solutions of (Manganese, Cobalt, Nickel 
and Copper) were prepared in 80:20 v/v solutions of water/ethanol, whilst standard 
solutions of (Silver and Zinc) were best prepared in 80:20 v/v solutions of 
water/methanol. Sample solutions of the complexes to be studied were prepared in 
the appropriate solvent system within the concentration range of the standard 
solutions. Once prepared, these solutions were then ready to be analysed.
The solutions to be measured were sprayed into a flame (air-acetylene flame 
system) where the heat caused the sample to vaporise. The gaseous species are then 
dissociated into gaseous atomic atoms by a process called atomisation. Both these 
processes were carried out in the spray chamber of the nebulizer burner system. Once 
atomised, these gaseous atoms absorb radiant energy at the same wavelength of the 
hollow cathode lamp. As a consequence of this absorption, the atoms become excited 
and move to higher electronic energy levels. This absorption of energy was detected 
by the photomultipler tube which converts this radiation energy into an electrical 
current reading. The electrical current reading is a measure of the radiant energy 
absorbed by the sample and is independent of the absorption wavelength used100.
Since the flame conditions used in this experiment are kept constant and the 
path length is fixed, the absorbance of a sample, (calculated from the ratio of the 
radiant power through the sample and the radiant power passing through the 
monochromator), is directly proportional to the concentration of the absorbing 
species, hence the Beer-Lambert law (equation 2-19) is obeyed. The concentration of 
an unknown sample is then measured from a calibration or working curve, which is a 
plot of absorbance versus concentration of known standards. The concentration of 
the unknown sample is then obtained by using the absorbance instrument reading 
given and reading off the concentration value from the calibration curve. A  
calibration curve was plotted for each of the metals analysed and their concentration
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determined from the curve. The percentage content of the metals (%X) was 
calculated using the following expression:
If Xg of compound X in 100 cm3 solution = A ppm
Then,
X„ _
-—5- of compound X in 100 cm solution = B ppm
Therefore,
B /
% X = + 1000
where Xg = mass of compound X in grammes,
A = concentration of s tan dard solution,
B = concentration of sample solution (measured from calibration curve) in ppm.
equation 2-20. Calculation of the percentage metal content present in the 
complexes
In the course of this work, Atomic Absorption analysis was carried out using 
a Perkin Elmer 306 Series Atomic Absorption Spectrometer, operating at a slit 
setting of 4, using a hollow cathode lamp and air acetylene flame. Wavelengths used 
are as previously given in Table 2.1.
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2.2.5 Elemental Microanalysis
Analyses for Carbon, Hydrogen and Nitrogen were carried out by Ms N Walker at 
the University of Surrey Microanalytical Service, using a Leemans labs 440 elemental 
analyser.
2.3 Thermal Analysis
2.3.1 Thermogravimetric analysis (TGA)
Thermogravimetric Analysis or Thermogravimetry (TGA) is a technique that 
measures weight loss as a function of time and /or temperature. It is commonly used 
to measure degradation, oxidation, evaporation or sublimation processes101. Since no 
standard exists for TGA measurements, sample preparation and (e.g., heating rate, 
sample size and atmosphere) can cause significant differences in observed results)101.
It was found that a heating rate of lOK/min in a nitrogen atmosphere 
(40cm3/min) and sample weights of between 5-10 mg gave consistent results.
Throughout this study, a Shimadzu TA 501 thermal analyzer interfaced with a 
Shimadzu computer operating system was used. The TGA experiment was carried 
out by placing samples (Silver and Zinc complexes, see Chapter 3 for preparations) 
into inert boats (usually aluminium) which become suspended from the end of a 
quartz beam by a counterweight. The samples were then heated from room 
temperature to 490°C: monitored continuously as a function of temperature.
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3.1  In trod u ction
As discussed in Chapter 1, the aim of the project was to prepare and 
characterise a series of novel substituted imidazole complexes as curing agents for 
epoxy resins. Previous work75 has highlighted the successful application of these 
types of complexes as effective curing agents. On the application of heat, the 
Copper(II) chloride complex dissociates reversibly to liberate an imidazole ligand, 
which initiates cure in the epoxy system.
The current study investigates these thermally dissociable metal complexes 
further to see whether (i) other transition metals will behave in a similar fashion to 
copper; (ii) changing the transition metal and anion has an effect upon the 
stereochemistry of the desired complexes. This leads ultimately to a series of 
complexes with characteristic thermal dissociation temperatures which may be used 
in resins employing different cure schedules.
A preliminary study was conducted of metal complexes of type M(EMI)4Cl2 
and M(EMI)4(CH3COO')2 where EMI = 2-ethyl-4-methylimidazole, and M = Mn, 
Co, Ni, Cu and Zn, as well as a silver complex of type M(EMI)2X where M = Ag and 
X = N03\ The preparative methodology and spectroscopic characterisation 
information obtained for the above complexes, will be used later to study the 
M(PGE-EMX)4Cl2 and M(PGE-EMI)4(CH3COO‘)2 metal complex series, as well as 
Silver complexes of the form Ag(PGE-EMI)2N03 and Ag(PGE-EMI)2(CH3COO') 
and a Zinc complex of the form Zn(PGE-EMI)2(CH3COO‘)2, where the ligand PGE- 
EMI = l,2-epoxypropane-2-ethyl-4-methylimidazole.
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3 .2  M a teria ls
3 .2 .1  R ea gen ts
Phenyl glycidyl ether (PGE) and 2-ethyl-4-methylimidazole (EMI) were obtained 
from Aldrich Chemical Company and their purities assessed using ^-NMR 
spectroscopy. Hydrated metal(II) acetate and chloride salts were obtained from BDH 
and Aldrich Chemical Company respectively and were used without further 
purification. Silver salts of acetate and nitrate were obtained from Aldrich Chemical 
Company and gave acceptable analytical results.
3 .2 .2  S olven ts
Solvents used include analytical grade chloroform, ethanol and methanol which were 
obtained from Fisons Chemical Ltd. and were used without further distilliation.
3 .3  E xp erim en ta l
3 .3 .1  P rep a ra tive m eth od s f o r  th e 2-ethyl~4-m ethylim idazole 
(E M I) m eta l co m p lex es
An earlier patent73 concerning these 2-ethyl-4-methylimidazole complexes 
contained no details on the characterisation of these complexes. Therefore, a full 
account of the preparation and characterisation of these complexes is given in this 
Chapter.
The metal-imidazole complexes in the current work were all prepared using 
the same general method (i.e., complexation in ethanolic solution), except for Silver 
and Zinc which were best suited to a methanol-water solvent system. The analytical 
data for these complexes are given in Table 3.1.
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3 .3 .1 .1  P repara tion  o f  co m p lex es  o f  th e type M (E M I)4X 2 
w h ere M  = M n , C o, N i; X  = C H 3C O O ", CT
To an ethanolic solution of EMI (0.04 mol) was added dropwise a solution of 
the metal salt (0.01 mol) in ethanol (10 cm3). The mixture was stirred for 30 minutes, 
after which the solution was concentrated to ca. 5 cm3 and precipitated with 
diethylether (20 cmj, to yield highly coloured solids. The Co2+ complexes were royal 
blue and purple (Amax = 667, 524 mn); the Ni2+ complexes were green (Amax = 667, 
692 and 732 and 749 nm) and Mn2+ complexes were brown. These solids were 
washed with a 2:1 (v/v) mixture of ether/ethanol (10 cm3) and dried in vacuo at 50°C 
overnight.
3 .3 .1 .2  P rep a ra tion s o f  Z n (E M I)4C l2f and  A g (E M I)2N 0 3 m eta l 
com p lexes.
To a methanolic solution of EMI (0.02 and 0.04 mol) was added dropwise a 
solution of the metal salt in distilled water (10 cm3). White precipitates were formed 
immediately, filtered, washed with a 1:2 (v/v) mixture of methanol-water (20 cm3) 
and dried in vacuo at 60°C overnight to yield white solids.
3 .3 .2 . P rep a ra tive m eth od s f o r  th e l,2 -ep o x y -3 -p ro p a n e -2 -  
eth yl-4 -m eth ylim id a zole ad du ct (P G E -E M I) an d  th eir  
corresp on d in g  m eta l com p lex es
Poncipe102 prepared a series of complexes of the form M(PGE-EMT)4C12 where M = 
Co, Ni and Cu. He also studied the temperature dependence of these complexes in 
solution using UV spectroscopic techniques to determine their thermal stability 
behaviour; the Cu2+ complex was found to be the most thermally stable. Subsequent 
studies76 have highlighted the application of these PGE-EMI complexes e.g., 
Cu(PGE-EMI)4Cl2 as effective curing agents for epoxy resins. Initially, Poncipe’s 
work104 was repeated to obtain a spectroscopic characterisation for the chloride
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complex. These data were used as a preliminary study leading to the development of 
a series of novel metal acetato complexes of the form M(PGE-EMI)4(CH3COO‘)2.
The PGE-EMI metal complexes were prepared in a similar fashion to the EMI 
metal complexes. All complexes were prepared in ethanol, except Silver and Zinc 
which preferred complexation in a methanol / water system.
3 .3 .2 .1  P repara tion  o f  th e ligan d  P G E -E M I
To a refluxing stirred solution of EMI (27.5 g, 0.250 mol) in toluene (50 cm3) 
was added dropwise over the course of 1 hour, phenyl glycidyl ether (PGE) (37.5 g, 
0.250 mol) in toluene (50 cm3). During this addition the colour of the solution turned 
from pale yellow to orange. The solution was further refluxed for ca. 2 hours and 
decolourised with charcoal (1 g). The crude orange product was precipitated from 
solution by the addition of petroleum ether 40-60°C (100 cm3) to yield a viscous 
orange product (yield 51.95 g, 79.5%). Purification of the PGE-EMI adduct was 
achieved using column chromatography, using a silica stationary phase and a 4:1 
(v/v) chloroform/methanol mixture as the eluent. A single spot was observed at Rf = 
0.6 using UV light at 254 nm.
3 .3 .2 .2  P repara tion  o fth e M (P G E -E M l)fX 2 com p lexes  
w h ere M  = M il, C o , N i, Cu and X  -  C tf C H 3C O O
To a solution of the metal salt (0.01 mol) in ethanol was added a solution of PGE- 
EMI (0.04 mol) in ethanol (5 cm3). The solution was stirred and heated gently for 30 
minutes, after which the cooled solution was gravity filtered and concentrated to ca. 
2cm3. The solution was precipitated using diethyl ether (5 cm3), washed with a 2:1 
mixture (v/v) of diethylether/ethanol (10 cm3) and dried in vacuo at 50°C overnight 
to yield highly coloured, viscous oils. The Co2+ complexes were blue and purple (/w, 
= 618,0, 565.1 nm); Ni2+ complexes were blue-purple and green (/W* “  692, 684 mn)
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the Cu2+ complexes were dark green and blue (?w = 707.6, 675.3 nm ) and the Mn2+ 
complexes were brown solids.
3 .3 .2 .3  P repara tion  o f  Z n (P G E -E M I)4Cl2 and  
Z n  ( P G E -E M I) 2 ( CH 3 C O O  )  2 m eta l com p lexes
To a methanolic solution of PGE-EMI (0.03 g, 3.03 x 10'5 mol) was added 
dropwise a solution of Zn2+ chloride (4.13 x 10'3 g, 3.03 x 10'5 mol) in distilled water 
(1 cm3). The solution was rapidly stirred for 30 minutes and no colour changes were 
observed on addition of the Zn2+ salt. After 30 minutes, the solution was evaporated 
to dryness using rotary evaporation and dried for 24 hours in vacuo at 60°C to yield a 
straw-coloured solid.
For the acetate complex, the same procedure was followed, but a 
Metal:Ligand ratio of 1:2 was used. The product obtained after drying in vacuo was a 
straw coloured solid.
3 .3 .2 .4  P reparation  o f  a  A g (P G E -E M I)2X  w h ere X  = C H jC O O ', N O f
To a stirred solution of the PGE-EMI adduct (0.91 g, 1.74 x 10'3 mol) in 
methanol (5 cm3) was added dropwise AgNOs (0.29 g, 1.74 x 10'3 mol) in distilled
water (5 cm3). The solution was stirred for 1 hour and a colour change of orange to 
brown was noted. The complex was evaporated to dryness and dried in vacuo at 
60°C overnight to yield a brown glass. A repeat procedure for the acetato complex 
was used, but the complex was further dried in vacuo at 100°C overnight and gave a 
brown glass.
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3 .3 .2 .5  P repara tion  o f  a s e r ie s  o f  C op p er com p lexes  o f  type  
Cu (P G E -E M I)y(C H sC O O ') 2 w h ere  y  ^  l o r  2  ‘
Cu(CH3COO")2.H20 (0.41 g, 2.05 x 10‘3 mol) in ethanol (150 cm3), was 
added dropwise to a stirred ethanolic solution of PGE-EMI (0.54 g, 2.05 x 10'3 
mol). The solution turned blue and stirring was continued for 30 minutes. The blue 
solution was gravity filtered and evaporated to dryness to yield a green solid of 
formula Cu(PGE-EMI)(CH3COO')2, which was filtered, washed with ethanol (10 
cm3) and dried in vacuo at 50°C overnight. For the 2:1 complex Cu(PGE- 
EMt)2(CH3COO')2, a blue solid was formed.
3 .3 .2 .6  P repara tion  o f  C u (P G E -E M I)4(N 0 3) 2
To a stirred solution of the PGE-EMI adduct (0.56 g, 4.73 x 10'4 mol) in 
ethanol (10 cm3) was added dropwise Cu(N03)2.4H20 (0.12 g, 4.73 x 10’4 mol) in 
ethanol (5 cm3). The solution was heated gently and a colour change (of yellow- 
orange to green) was observed. The solution was concentrated to ca. 5 cm3 and the 
complex was precipitated by the addition of diethyl ether (10 cm3). The complex was 
washed with a 2:1 mixture (v/v) of diethyl ether/ethanol (10 cnT) and dried in vacuo 
at 60°C overnight to yield a brittle green glass.
Chapter 3-Development o f Novel curing agents______ 60
3 .4  R esu lts an d  D iscu ssion
3.4 .1  P repara tion  o f  th e E M I and  P G E -E M I m etal com p lexes
Table 3.1 details the physical data for the full range of complexes prepared 
during the course of this work. The nature of the metal, ligand, anion and 
stoichiometry were all varied in order to examine the effect(s) of all features on the 
thermal (and ultimately epoxy cure) behaviour. It is apparent that yields were 
variable, although only in a relatively few cases {[Mn2(CH3C00')2(EMI)2.4H20], 
[Mn2(CH3C00')2(PGE-EMI)2.4H20], [Zn(EMI)4Cl2].4H20 and [Zn(CH3COO‘
)2(PGE-EMI)2]. 2H20 } was the yield unacceptably low. From an examination of the 
appearance of the complexes, the majority of structures appear to exist with 
octahedral symmetry, the exceptions being {[Co(EMI)4]Cl2.4H20, [Co(PGE- 
EMI)4]Cl2.4H20 and pNfi(EMI)4]Cl2.4H20} which appear to be tetrahedral complexes 
with chloride counter anions. These structures are discussed further in the magnetic 
susceptibility section 3.4.5 The microanalytical data are generally good, but show 
that in some cases unexpected complexes were produced (e.g., rather than the 1:4 
MetakLigand ratio that was desired, MnCl2 complexes precipitate as 1:3 metal 
complexes; Mn(CH3COO‘)2 complexes precipitate as 1:1 metal complexes; the NiCl2 
complex with PGE-EMI, precipitates as a 1:2 metal complex and the Co(CH3COO")2 
complex precipitates with one molecule of ethanol).
Only a few of the Metal(EMI)4Cl2 complexes have been reported previously 
in an earlier patent73, but no spectroscopic or analytical data were given and so the 
current work represents the first systematic study of these materials. In related work74 
these complexes were also used to cure a commercial epoxy based on bisphenol-A 
diglycidyl ether (BADGE) Epon 828®.
Barton72 also prepared a range of modified imidazole complexes, including 
Cu(PGE-EMr)2(CH3COO")2 and Cu(PGE-EMI)4(N03)2, in order to overcome the 
inherently poor solubility of transition metal-imidazole complexes when formulated 
with epoxy systems. The addition of the phenyl glycidyl ether (PGE) moiety
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(incorporated through the co-reaction of PGE with EMI) served to enhance the 
compatibility of the two components by making the curing agent resemble the 
backbone of the epoxy oligomer. Barton72 used both complexes to cure another 
commercial BADGE-type epoxy (Epikote 828®) and found that the process could be 
effected at different temperatures: the onset of cure occurring at either 80°C (Cu(PGE- 
EMI)2(CH3COO-)2 or 105°C (Cu(PGE-EMI)4(N03)2.
With the exception of the chloride and nitrate complexes of M(PGE-EMI)4X2 
(M = Cu and Co), all of the compounds prepared are believed to be novel. The steric 
hindrance afforded by the PGE-EMI ligand and its hygroscopic nature make it difficult 
to obtain single crystals of the subsequent complexes.
3 .4 .2  IH -N M R  D ata  A n a lysis
As previously discussed in Chapter 1, the ligand, 2-ethyl~4-methylimidazole, is 
expected to exist in two isomeric forms, due to subsitutent groups in the 4- and 5- 
postions. However, this proton exchange between the 4- and 5-postions is too rapid to 
allow isolation of the 4- and 5- substituted imidazole products. Hence, ^-NMR 
spectroscopy gives average signals for both isomers, see Figure 3-1 below.
e
.Aw
H
e
H
I
" Nr CHC 11h 2c h 3
J j JL.
i 1---- 1---- i---- 1---- 1---- 1-----1---- 1-----r
12 10
i  i i I i i r
p p m
Figure 3-1. lII-NMR spectrum o f 2-ethyl-4-methylimidazole (EMI) in CDCU
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However, the addition of a phenyl glycidyl ether (PGE) group to the 2-ethyl-4- 
methylimidazole (EMI) via an nucleophilic substitution reaction as previously shown in 
Chapter 1 section 1.5, shows the possibility of forming two distinct isomers between 
PGE and the N(l) and N(3) atoms on the imidazole. XH-NMR spectroscopy shows 
that two isomeric forms are produced, giving rise to unique chemical shifts for both 
isomers, see Figure 3-2(a) for proton designations and Figures 3-2 (b-c) for ^-NMR 
spectra overleaf.
d a
H. CH3
O CHrCH CH^-Nx
A
r
H  CH,CH
Figure 3-2(a). Two isomers o f PGE-EMI are observed wherein Ha and H„ 
are transposed
N.B., Although two isomers are observed, designations for only one isomer are shown 
throughout.
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d a
HUM .N:
V -H r o k  Q ^ d k j a
Figure 3-2 (b). 1H-NMR spectrum of PGE-EMI in D6-DMSO
2 3 3p=--- Y
O H  c h .
10
CH,
CH2 C H 313 £ 15 d
|— J— I— I— |— I— I— I— |— I— I— 1— |— I— I— I— |— I— I— I— |— I— I— I— [— 1— i— I— |— i— !— I— |— I 1 i | I r—r
180 160 140 120 100 80 60 40 20 ppm
Figure 3-2(c). nC-NMR spectrum of PGE-EMI in D6-DMSO
The ^-NMR spectrum of the PGE-EMI adduct shows the ring hydrogen 
chemical shift to exist as two separate signals, one at 6.50 and the other at 6.66 ppm. 
Farkas and Strohm21 previously observed this and attributed these two peaks as two
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distinct TV-subsitituted derivatives as shown in Figures 3-2a. 13C-NMR shows 22 
carbon signals, some signals overlap, while others occur at the same chemical shift, 
which represents the presence of two isomers of PGE-EMI.
The ^-NMR data for the complexes of EMI and PGE-EMI are given in Table 
3.2. In some areas of the LH-NMR spectrum it is difficult to assign the chemical shifts 
with confidence. For example, both the methyl (of the CH3COO') and the methylene 
protons (of the EMI) overlap leading to a broadened signal around 6 = 2.5 ppm. 
Furthermore, the presence of the D6-DMSO signal (5 = 2.52 ppm) also tends to 
obscure the methylene protons (of the EMI). In common with observations made 
during earlier work in this area75 the imidazole ring protons are also shifted downfield, 
in particular with complexes {[Co(EMI)4Cl2].4H20, [Co(CH3COO")2(PGE- 
EMI)4].4H20, [Ni(CH3COO’)2(PGE-EMI)4] ,4H20, [AgN03(PGE-EMI)2] and 
[Ag(CH3COO')2(PGE-EMI)2]}, after complexation has occurred and are 
distinguishable from the chemical shifts arising from the phenyl ring protons. Given in 
Figures 3-3 and 3-4 are ^-NMR spectra of Cu(PGE-EMI)4Cl2 (6a) and Ni(PGE- 
EML)4(CH3COO")2 (3d) complexes, to illustrate the high paramagnetism and the 
downfield shift of the imidazole ring protons on complexation.
N.B., Two 
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Figure 3-3. lH-NMR spectrum o f Cu(PGE-EMI)4Cl2 complex in CDCI3
Figure 3-41H-NMR spectrum o f Ni(P(iE-EMI)4(CHsCOO)2 complex in CDCl3
It should be noted that Mn2+ complexes (la and lb) show extremely broad signals, due 
to the high paramagnetism of the complexes, making positive assignment sufficiently 
ambiguous that the data have been omitted from Table 3.2. Since the PGE-EMI adduct
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exists in two isomeric forms, some chemical shift data (!H and 13C) are given in Tables 
3.2 and 3.3 for both isomers. Figures 3-5(a-b) below, show both isomers are present in 
the Zinc complex, Zn(PGE-EMI)4Cl2.
Figure 3-5(a). 1H-NMR spectrum o f Zn(PGE-EMJ)4Cl2 complex in CDCG
>ZiiCl2
X
1----1----1----1----i----1----1----1----1----1----i (----1----1----1----1----1 I I | I I I | I I I [ I I I | T T  I | I I I
180 160 140 120 100 80 60 40 20 ppm
Figure 3.5(b). C-NMR spectrum o f Zn(PGE-EMI)4Cl2 complex in CDCI3
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3 .4 .3  IR  D ata  A n a lysis
Selected infrared data for the metal-imidazole complexes are given in Table 
3.4. In some cases the occurrence of overlap between the bands made positive 
assignment difficult. This is particularly apparent in the case of the C-N stretching 
vibration in the Mn and Ni complexes, which is hidden by the symmetrical vibration of 
the acetato signal; the C-N deformation and the C=N stretch which both coincide with 
the ionic nitrate at 1384-1385 cm'1 and the anti-symmetric stretch of the acetato ligand 
(affecting the silver complexes of EMI and PGE-EMI). Furthermore, the C-C skeletal 
stretching vibration of the benzene ring overlaps with the symmetric stretch of the 
acetato ligand (in the acetato complexes of Ag, Cu, Mn and Zn). All of the complexes 
prepared displayed additional broad peaks at 3391-3392 cm'1 and 824 cm*1 indicating 
the presence of lattice water9-3.
An example of a typical IR spectrum of a complex is given below (Figure 3-6).
W avenuinbers (c m 1)
Figure 3-6. IR spectrum o f a Co(PGE-EM1)4(CH3COO)2 metal complex
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In order to verify whether complexation had ocurred, the complexes were analysed 
using vibrational spectroscopy (in the far-IR region). The spectrum of the parent EMI 
ligand (Figure 3-7) was quite complex with numerous bands between 293 and 385
cm*1, making full assignment difficult, but in common with data reported by Eilbeck et 
al62 a strong band was observed at 262 cm'1, which was assigned the “ligand band”.
Wavenumbers (cm1)
Figure 3-7. far infrared spectrum o f 2-ethyl-4-methylimidazole (EMI) 
The position of this band was monitored after complexation of the ligand with a variety
of metals, see Figure 3-8. It was apparent that in the case of the chlorides the following
bands were observed for Metals: Mn (la, 285 cm*1), Co (2a, 337 cm*1), Ni (3a, 279
cm'1) and Zn (4a, 323 cm'1). In all cases there was a shift in the ligand band to lower
wavenumbers for all chloride complexes studied. However, in the case of the acetato
complexes, positive assignment concerning the shift of the ligand band on
complexation was difficult to interpret with any degree of confidence and hence is
omitted here.
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Figure 3-8. Far infrared spectrum o f Co(PGE-EMI)<Cl2 complex
3 .4 .4  U V -V is data
The UV-Vis spectroscopic data for the metal imidazole complexes are given in 
Table 3.5. It should be noted that complexes la-Id did not yield UV-Vis spectra since 
all transitions are Laporte forbidden and spin forbidden103. In complexes 2a and 2c, the 
v3 band is split into three, due to the number of transitions to doubly excited states 
which occur in the same region; these acquire some intensity by means of spin-orbit 
coupling104. This v3 band is of high intensity, from which it is inferred that 
Co(EMI)4Cl2, 2a, and Co(PGE-EMr)4Cl2, 2c, (Figure 3-9) are both of tetrahedral 
geometry (this confirms the visual observations pertaining to structure commented on 
earlier in this section). The observation that the v3 band is split into two (also due to 
spin-orbit coupling) possibly indicates that Co(EMI)4(CH3COO')2, is also split. In 
contrast, however, the v3 band in 2d, Co(PGE-EMr)4(CH3COO")2 is not split, the 
inference being that the PGE-EMI complex is perfectly symmetrical due to the smaller 
field strength resulting from the steric bulk of the ligand.
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Figure 3-9. UV spectrum in ethanol o f the [Co(PGE-EMJ)4]Ch complex
Owing to the diamagnetic nature of both Silver and Zinc, neither magnetic 
susceptibility nor UV-Vis measurements could be made on these complexes. However, 
previous work by Barszcz et al.105 involving the preparation of Ag+ complexes of 
imidazoles has shown these complexes to exist as linear [LAgL]+n species (where L = 
imidazole ligand). Elemental analysis (Table 3.1) shows that the Silver exists as a 1:2 
MetakLigand complex and the Zinc as a 1:2 MetakLigand complex with acetate and as 
a 1:4 MetakLigand complex with chloride. NMR measurements (Tables 3.2 and 3.3) 
show downfield shifts on the addition of metals (Ag and Zn) indicating the existence of 
complexation. Figures 3-10(a-b) shows NMR spectra of the Ag(PGE-EMI)2N03 metal 
complex, showing both isomers complexed to the Silver metal (although designations 
for only one isomer are given).
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Figure 3-10(a). 1H-NMR spectrum o f Ag(PGE-EMI)2N03 metal complex in CDCI3.
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Figure 3-10(b). 13C-NMR spectrum o f Ag(PGE-EMI)2NO3 metal complex in CDCI3
Confirmation that both isomers are present is found from a XH / 13C correlation (Figure 
3-11).
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3 .4 .5  M a gn etic  su scep tib ility
The magnetic susceptibility results for the complexes (Table 3.5) indicate that 
there is a difference between the behaviour of EMI and PGE-EMI as ligands. 
Generally, EMI complexes are high-spin and those of PGE-EMI are low-spin. 
However, there are exceptions, viz. with Mn2+, the complex of EMI with chloride has a 
peff of 5.33 BM. A similar high-spin penta-coordinate structure of Mn2+ with 2- 
methylimidazole has also been reported63 and shown to be essentially trigonal 
bipyramidal. In the current work the peff of the complex of Manganese with PGE-EMI 
and chloride is 3.23 BM. The latter indicates that this complex is Mn3+ and a low-spin 
penta-coordinated complex. The [Co(EMI)4]Cl2.4H20 complex of EMI is high-spin 
and tetrahedral with the chloride ions as non-coordinated counter-ions. The royal blue 
colour of this complex and the visible spectmm also support tetrahedral geometry. 
Interestingly, the magnetic susceptibility data agree with those contained within the 
UV-Vis spectra. The magnetic susceptibility data show that the analogous acetato 
complex, [Co(EMI)4(CH3COO')2].C2H50H, is low-spin and octahedral in confirmation 
with the UV-Vis spectroscopic results. This is the only example of an EMI complex in 
this work which is low-spin. However, there are a few examples of low-spin hexa- 
coordinate Co2+ complexes, but little structural characterization has been carried 
out106. The PGE-EMI complex [Co(PGE-EMI)4]Cl2.4H20 is High spin and tetrahedral 
with non co-ordinating chloride anions, whilst the [Co(PGE-EMI)4(CH3COO')2].4H20 
complex is low-spin and octahedral. The Nickel complexes which have magnetic 
moments in the range 3.64-3.93 BM. compare favourably with literature values of 2.8- 
4.0 BM.107. The lower end of this range refers to octahedral complexes and the higher 
to tetrahedral. This indicates that the majority of the Nickel complexes are tetrahedral 
on the basis of magnetic moments, but this is at variance to the UV-Vis spectra (Table 
3.5) which each show three peaks implying that the complexes are octahedral. We 
conclude that, the majority of the Ni2+ complexes are distorted tetrahedra (perfect 
tetrahedral 4.2 BM), where the imidazole ligands cause slight distortions to the 
structure resulting in a reduced magnetic moment value. One interesting complex is the
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1:2 complex of Ni2+:PGE-EMI with chloride which undergoes a colour change on 
solvation in chloroform. The colour change is from pink/purple to yellow. This 
indicates that a change in coordination geometry from tetrahedral to square planar is 
occurring.
Most Copper complexes are Jahn-Teller distorted d9 complexes. Most of the 
complexes have magnetic moments close to 1.8 BM., which are consistent with this 
observation. The exceptions are the copper acetate complexes. A magnetic moment of 
1.54 BM. is observed for the [Cu2(CH3COO")4(PGE-EMI).2H20] (6c) complex, which 
is low and magnetic moments of 1.91 and 2.70 BM are found for complexes 
[Cu2(CH3C00')4(PGE-EMI)2.2H20] (6d) and [Cu(PGE-EMI)4(CH3COO')2] (6e). 
Complexes 6c and 6d both show evidence of antiferromagentically coupled Cu atoms 
consistent with the starting Copper acetate material. However, complex 6e, which is a 
1:4 Cu2+:PGE-EMI complex has an unusually high magnetic moment. The UV-Vis 
spectmm shows no band at 370 nm which is indicative of a monomeric Copper 
complex and further suggests that coordination of four bulky PGE-EMI ligands breaks 
the dimer.
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4.1 In trod u ction  to  th e  th erm a l d issocia tion  study
As briefly discussed in Chapter 1, Hamerton et al75 observed that Cu(PGE- 
EMr)4Cl2 underwent thermal dissociation between temperatures of 120-130°C, to 
liberate the free ligand, PGE-EMI, which subsequently initiated cure of a commercial 
epoxy. The thermal dissociation of this complex was monitored using variable 
temperature ^-NMR Spectroscopy, which records NMR spectra over a particular 
time period by progressively raising the temperature. Figure 4-1 shows below the 
behaviour of a thermally dissociable complex on the application of heat.
Cfh
OH CHiCHj
C11CI1
120-130°C
Xflj
o -ch , cH -o ir- T n3 : + Cua2
OH CHbCBb
Figure 4-1. The behaviour o f a thermally dissociable complex, Cu (PGE-EMI)^  Cl2 
at elevated temperatures
The solvated complex was observed to reassociate to some extent after a period of 10 
days. This change was confirmed visually by a colour change from amber to dark 
green.
Chapter 4 -Thermal dissociation. 90
Further investigation was conducted using Electron Paramagnetic Resonance 
(EPR) spectroscopy which confirmed that Copper still existed in the +2 oxidation 
state. Kurnoskin108'113 reported a series of aliphatic amine based complexes, particulary 
metal salicidylamine complexes which underwent dissociation to liberate the free amine 
to interact with the epoxy resin. His study showed Copper complexes to be the most 
stable and to be the most effective curing agents; their stability contributed to their 
relatively high heat resistance (compared with the other complexes studied). The 
investigation was also shown to correlate with the Irving-Williams series of thermal 
stability: Cu< Zn > Ni > Co > Fe > Mn
In this Chapter we discuss the effect of using transition metals other than 
Copper (e.g., Mn to Zn), and also different anions, (similar to those used in the 
Kurnoskin studies108,113). The anions used include acetato, CH3COO', instead of 
choride, Cl" , to examine (i) the changes in the stereochemistry of the desired 
complexes; (ii) the thermal dissociation temperature of the complexes; and (iii) whether 
the dissociation is reversible or not. Furthermore, it is then hoped that a series of 
characteristic thermal dissociation temperatures will be observed which in turn will be 
used for a variety of different cure schedules.
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4 .2  E xp erim en ta l
4 .2 .1  V ariable tem p era tu re lH -N M R  sp ectra  o f  th e co m p lex es
^-NMR spectra of all complexes were obtained in D6-DMSO at a 
concentration of 1 x 10'5 mol using a Bruker AC 300E Fourier Transform NMR 
Spectrometer, operating at 300.13 MHz, using a temperature programme operating at 
temperatures from 25-145°C at a heating rate of 10K min'1. Spectra were collected at 
ten degree intervals and referenced to an internal standard 1,4-dimethoxybenzene (1 
drop).
4 .2 .2  T herm ogravim etric A n a lysis  o f  th e com p lexes
Thermogravimetric analysis (TGA) was performed only on complexes of Silver 
and Zinc because the Variable temperature NMR analyses did not show conclusive 
evidence of the occurrence of thermal dissociation.
Thermal dissociation of the Ag(PGE-EMI)2N03 and Zn(PGE- 
EMr}2(CH3COO)2 metal complexes were studied using a Shimadzu TA 501 thermal 
analyser interfaced with a Shimadzu computer operating system. Dynamic scan 
experiments were performed on the Silver and Zinc complexes at a sampling rate of 10 
K min"1 under N2, using a purge flow rate of 40 cm3 min'1. Samples (5-10 mg) were 
weighed accurately into aluminium pans before a temperature ramp from room 
temperature to 490°C was carried out.
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4 .3  R esu lts and  D iscu ssion
4.3 .1  T herm al d issocia tion  data
It should be noted that the NMR probe has a maximum operating temperature 
of 145°C and this limits the observation of dissociation temperatures to those 
occurring below this point when using this technique75,114. In most cases complexes 
were observed to be only partially dissociated by this temperature (Table 4.1), 
although Cu(PGE-EMI)4(CH3COO')2 (see Figure 4-2) and Cu(PGE-EME)4Cl2 (from an 
earlier study) had undergone complete dissociation by 130°C, using the variable
temperature NMR method.
I 1----1----1----1----1----1----1----1----1---- 1---- 1----1----1----1----1----1----1---- 1----1----1
8 6 4 2 ppm
Figure 4-2 1H-NMR data o f various temperatures for the complex 
Cu(PGE-EMI)4(CH3COO)2.
The dissociation of the Copper(II) acetate complex is indicated by a shift in the 
position of the imidazole ring hydrogens (ImH). The signals shift upheld from their 
original positions among the phenyl signals, where they had been previously hidden as
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T able 4.1  T herm al D issocia tion  o f  m eta l com p lexes  con ta in in g  
P G E -E M I a s ligan d
C o m p le x M e ta l/ l ig a n d
r a t io
T h e r m a l
d is s o c ia t io n  o n s e t  
t e m p e r a tu r e  ( ° C ) a
O b s e r v e d  c o lo u r  c h a n g e s  
a s  a  r e su lt  o f  d is s o c ia t io n
[MiiC12(PGE-EMI)3].3H20 1:3 >145 orange/brown to yellow
[Mn2(0  Ac)2(PGE-EMT)2. 2H20 1:1 130 light-dark brown
[Co(PGE-EMT)4}C12.4H20 1:4 105 remained royal blue
[Co(PGE-EMT)4(OAc)2].4H20 1:4 95 violet to burgundy
[NiCl2(PGE-EMI)2}.2H20 1:2 at low conc. ca. 65 
at high conc. 
immediately at RT.
light blue to deep royal blue
[Ni(0Ac)2(PGE-EMT)4].4H20 1:4 105 green to yellow
[ZnCl2(PGE-EM I)41.4H20 1:4 125 cream  to yellow/orange
[Z n (0  A c)2(PGE-EM I)2] .2H20 1:2 140 straw to w hite ppt
[A gN 03(PGE-EM I)2] 1:2 197b no significant colour changes
Ag(OAc)(PGE-EM I)2] 1:2 140° no significant colour changes
[CuCl2(PGE-EMT)4].4H20 1:4.5 120 dark green to amber
[Cu(N 03)2(PGE-EMI)4].4H20 1:4.5 130 dark green to amber
[Cu2(0A c)4(PGE-EM1).2H20 1:1 >145 green to khaki
[Cu2(0A c)4(PGE-EMI)2.2H20 1:2 145 blue to green
[Cu(OAc)2(PGE-EMD4] 1:4 115 green to khaki
a =  complexes studied as solutions of D6-DM SO using 1,4 diinetlioxybenzene as internal 
standard.
b =  TGA under N2(40 cm3/  min) at 10 K/min. 
c = solid state beating in vacuum oven
N.B The NM R probe has a maximum operating tem perature of 145°C and this limits
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a result of complexation. This allows the free ligand signals to be observed clearly. 
This dissociation is accompained by a colour change from green to khaki. A proposed 
mechanism highlighting the dissociation of the Copper acetate complex of PGE-EMI is 
given in Figure 4-3.
Cu(PGE-EMI)4(CH3COO)2 
d fi-D M S O
C u(C H 3C O O )2 (D M S O )4 +  4 P G E -E M I
/  d eco m p o ses
/
C u O  fr e e  to  in itiate cure w ith  e p o x y
Figure 4-3 shows the proposed dissociation mechanism o f the copper acetate 
complex
There are observations to support this mechanism. After heating the copper acetate 
complex to 145°C a brown solid, believed to be Copper oxide (CuO), formed 
following the decomposition of the solvated Copper acetate complex. The latter would 
make recomplexation of the Copper acetate complex impossible.
NMR analysis suggests that another complex, Co(PGE-EMI)4(CH3COO')2 
(2d), also appears to undergo dissociation irreversibly . The NMR data (Figure 4-4) 
show a partially dissociated Co2+ complex.
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9 8 7 6 5 4 3 2 1  ppm
Figure 4-4. Selected variable temperature IH-NMR data of 
Co(PGE-EMI)4(CH3COO)2.
In this case, thermal dissociation was monitored by the appearance of a signal between 
8-9 ppm, which was assigned as an N-H proton. This signal first appeared at 95°C. 
Further heating caused both the N-H proton and the imidazole ring hydrogens to 
display upfield shifts. In order to consider a mechanism for the thermal dissociation for 
this Co2+ complex, it was decided to investigate the behaviour of D6-DMSO on 
heating. Figure 4-5 shows the thermal equilibrium of D<5-DMSO in the presence of 
deuterated water.
H — O D
H ig h  T e m p s
H O D +
O
i!
c d 3- s - c d 3
( D 6-D M S O )
o
I
c d 3- s - c d 3
L o w  tem p s
Figure 4-5. Thermal behaviour o f D6-DMSO in the presence o f deuterated water
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It is proposed that the Co2+ complex, undergoes dissociation (at 95°C) to form a 
solvated hydroxy Cobalt(II) species, with the D6-DMSO. The result would be to cause 
the PGE-EMI to be freed to interact with an epoxy. Figure 4-6 gives a mechanism 
which might account for this process ocurring:
C o (P G E -E M I)4(C H 3C O O r) 2
V io le t
O  H — O D
I 11 
A  c d 3- s - c d 3
Y
C o (D M S O )5(O H ) +  4  P G E -E M I  +  +  2  C H 3C O O D
Burgundy
Figure 4-6 Proposed mechanism for the thermal dissociation o f the 
Co(PGE-EMl)4(CH3COGr)2 complex.
The Ni complex NiCPGE-EMTECty (3 c) shows interesting behaviour. At low 
concentrations (in D6-DMSO) 3 c underwent dissociation at around 65°C, but at higher 
concentrations underwent spontaneous dissociation at room temperature. The latter 
was accompanied by the formation of a deep blue Ni(DMSO)62 ' [NiCU]2" complex 
species which is reversible115.
Owing to the large number of oxidation, spin states and coordination 
geometries involved, a simple treatment of the whole data set is difficult. However, 
some general trends can be observed. For example, increasing the number of PGE- 
EMI ligands coordinated about a Copper(II) atom causes a systematic decrease in the 
onset of dissociation (e.g., the 1:4 complex with acetate has a dissociation temperature
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of 115°C while that of the 1:1 complex is >145°C). The increased steric bulk of the 
ligands contributes to the decreased stability of the resulting complex. Figure 4.-7 
highlights this phenomenon.
a) 1:1 com plex
ILC
N ,N  CIi2 CII CH2— O
A c
Ac"
Ac^
Xu „Ac 
"Ac
-Ac 
A c A c
OH®
OH
O
where A c =  CH3C 0
Thermal dissociation on set 145°C
b) 1:4 com plex
OH
-N CIIZ — CH CII2 -O
O— CII2 CII— CII2 N / N —  Cu   N ^ ,N ----- CH2 — CH— CH2 O
OH X ^ "
H,C" I* OHN
'N  ^ H s  
CH2
HO— CH
CH,
IO
Thermal dissociation on set 115°C
Figure 4-7. Increased steric crowding results in decreased stability o f 
the 1:4 complex.
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There is also a trend observed on changing the anion in the Copper series where 
substitution of chloride by nitrate causes an increase of 10°C in the dissociation 
temperature. This is consistent with the position of these anions in the spectrochemical 
series:
r< Br < C l <  N 0 3 <  F <  O H  <  C 20 42 <  C H 3C O O  <  H 20  <  N H 3 <  p y  <  b ip y < < C N
Interestingly, this effect of substitution on thermal stability is also observed for the 
Silver series (which was studied using TGA, since the dissociation temperature was 
above the maximum operating temperature of the NMR probe), where a difference of 
ca. 50°C is observed (in this case on substitution of acetate for nitrate). Figures 4-8 
and 4-9 respectively show TGA and NMR evidence to suggest that thermal 
dissociation of the AgCPGE-EMIfyNOs metal complex occurred.
Temperature [°C]
Figure 4-8. Thermal dissociation o f the Ag(PGE-EMJ)2N03 metal complex
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Figure 4-9(a)
At418K
u
9 8 7 6 5 4 3 2 1
ppm
Figure 4-9(b)
Figure 4.9(a and h). JH-NMR spectra o f Ag(PGE-EMI)2N03 at room temperature 
and at elevated temperature
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The NMR spectra of Ag(PGE-EMI)2N03 (Figure 4-9(a and b) show that no 
dissociation of the Ag+ complex has occurred. The spectra do show that there is a 
noticeable hydrogen bonding effect associated with the complex. This is possibly due 
to D6-DMSO co-ordinating or forming intermolecular hydrogen bonds to the Ag+, 
resulting in broad signals being seen (Figure 4-9 a). However, at 145°C, all signals are 
better resolved (Figure 4-9 b), since hydrogen bonding effects are reduced at high 
temperatures.
Thermogravimetric Analysis (TGA) analysis was carried out on the Ag(PGE- 
EMI)2NC>3 metal complex and shows a large weight loss between 197-287°C (see 
figure 4-8). This weight loss of ca.74 % (Table 4.2) may be due to a loss of volatile 
matter e.g., PGE-EMI, as a result of the complex undergoing dissociation. These data 
are consistent with the weight loss calculated for PGE-EMI when subtracted from the 
molecular weight of the complex. However, this is not a hyphenated technique, since 
FTIR or mass spectrometer accessories are not connected to the TGA apparatus. 
Consequently, decomposition products can not be identified clearly. In the case of the 
Silver and Zinc complexes, the effects of thermal dissociation can not be due to orbital 
splitting effects since both Silver and Zinc are of d10 configuration. Both Silver and 
Zinc complexes have full d electron shells, therefore there is no crystal field splitting 
associated with these complexes since all electrons are spin paired.
It should be noted from the NMR evidence, that all of the chloride complexes 
showed reversible dissociation and recomplexation behaviour, whilst all of the 
corresponding acetato complexes underwent dissociation followed by decomposition, 
making recomplexation impossible. It appears from the thermal dissociation data, that 
the chloride Cf anion is more thermally stable in solution than the acetato anion, 
CH3COO'. This makes the former available to compete with the DMSO “ligand” for 
recomplexation to the transition metal, thus allowing reversible dissociation to occur. 
This may, in turn, give the potential for achieving controllable dissociation.
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T able 4 .2  T herm al stability o f  th e  A g (P G E -E M I)2N O 3 and  
Z n (P G E -E M I)2(C H 3C O O ')2 m eta l co m p lex es  stu d ied  by TG A
C om plex T em p erature
°C
T herm al 
d issociation  on set 
tem perature /  °C a
W eig h t loss
%
A g (P G E -E M I)2N  0 3 1 6-490 197 7 4
Z n (P G E -E M I)2(C H 3C O O )2 16-490 2 3 6 74
a  =  T G A  s t u d ie d  u n d e r  N 2 a t m o s p h e r e  (4 0  c m 3/m in )  a t  1 0  K  m in '1.
In summary, the spectroscopic data given have shown the potential of using 
variable temperature NMR spectroscopy to investigate the effect of thermal 
dissociation. The chloride complexes of PGE-EMI have appeared to achieve 
recomplexation with more success compared to the acetato complexes. For complexes 
with high thermal stabilities (e.g., Silver complexes), TGA was found to yield evidence 
of thermal dissociation behaviour whilst NMR did not. This phenomenon shows that 
the use of a range of techniques is essential to pinpoint whether these PGE-EMI metal 
complexes dissociate or not.
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5.1 In trod u ction  to  k in etic  analysis
Many traditional methods have been used to study epoxy cure mechanisms 
including FTIR69,116,117 and DSC24,118"119; the latter being one of the earliest and the 
most popular. Heise and Martin69 and Barton et al.24 have explored the DSC and FTIR 
kinetic routes to evaluate curing reactions of epoxies when catalysed using imidazole 
curing agents. Their findings have suggested that the kinetics of the cure process are 
strongly dependent on the imidazole concentration and follow first order kinetic 
behaviour. Other methods which have described the kinetic aspects of cure include
11 oowork by Jones et al ' who developed a radiochemical tracer method, namely 
Radio-HPLC. Their studies provide a quantitative method for one to measure, through 
radioactivity, the concentrations of the reactants, intermediates and products as a 
function of time as the reaction proceeds. Further work by Bouillon et a l123 has 
involved the use of a hyphenated technique, namely GPC-HPLC, to study the 
polymerisation mechanisms of PGE cured with BF3 complexes of aniline. Similar work 
by Ghaemy et a l124 has also studied BF3 complexes with amines using comparative 
FTIR and DSC techniques. Anand and Srivastava125’126 have reported the use of 
thermogravimetric analysis (TGA) to study epoxies cured with Zinc and Chromium 
acrylate complexes. The kinetics of epoxy cure incorporating the metal acrylate was 
described in terms of an overall rate constant for the cure reaction and this rate was 
dependent on the concentration of metal salt added. Relatively newer techniques to
1 *)7 1 ooepoxy kinetic curing involve the use of NMR (solution and solid state) ' and Near 
Infrared (NIR)130 spectroscopic methods to study reaction kinetics. These techniques 
in particular have been used to study kinetic mechanisms of epoxy-amine cures where 
they have been found to give real time analysis in agreement with DSC and size 
exclusion chromatography (SEC) kinetic data. Increasing interest in the field of epoxy 
cure has enabled kinetic modelling to be used to follow cure reactions. Howlin et 
a/.131'133 have used computer simulation techniques to follow the cure of an epoxy­
amine reaction. Their studies have shown that kinetic modelling and experimental 
methods (both radiochemical and GPC) can yield complementary information
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concerning the concentration of the intermediates formed throughout the course of the 
cure reaction.
However, this chapter is concerned with the application of elevated 
temperature NMR spectroscopic techniques. The use of NMR techniques to study 
kinetically complex reaction mixtures has experienced dramatic improvement in recent 
years. Previous work by Glover and Duffy127, Johncock and Tudgey128, Grenier- 
Loustalot129 and Hamerton et a/.75,114,134 has highlighted the application of NMR 
techniques to study the kinetics of cure. Hamerton et a/.114,134, in particular, have 
observed that NMR spectroscopy in the fused state (in absence of solvent) gives good 
quantitative data allowing derivation of kinetic parameters. Using the Cu(PGE- 
EMO4CI2, which dissociates reversibly to liberate the PGE-EMI adduct (Figure 4-1) 
and the commercial epoxy MY 750 prepolymer (Figure 5-1), it was observed114,134 that 
it was possible to monitor quantitatively the thermally-induced, imidazole cure initiated 
reaction (Figure 1-36). The chemical shifts of the reactants, intermediates and 
products, which can be resolved from direct integration of the NMR signals as a 
function of reaction time, were used as raw data.
O
h 2c - h o c h 2
C H 3
- - t M ^ ” 0-CH2-CHXH2-
c h 3 o h
c h 3 
c
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o c h 2
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Figure 5-1. Structure o f MY750 epoxy prepolymer, n=0,l,2,3, etc.
Using the knowledge gained from earlier work114,134 as a guide, the thermally 
dissociable imidazole complexes prepared in Chapter 3 and a commercial epoxy 
Epikote 828 (a BADGE based epoxy) were studied using this NMR method following 
a cure schedule of 120°C to investigate the imidazole-initiated cure reaction in the bulk 
(solvent free) and solution states. The effect of changing the transition metal, counter
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anion and stereochemistry is thought have a direct influence on the cure reaction 
process and this study aims to investigate this phenomenon.
5 .2  E xp erim en ta l
5.2 .1  M ateria ls
The commercial epoxy Epikote 828® (the structure is depicted in Figure 5-2) was 
provided by Shell UK Ltd. The materials used and the preparations of the PGE-EMI 
(1:1 adduct) and the novel metal complexes used in this kinetic study are given in 
Chapter 3 as well as analytical data for the novel complexes, which are also presented 
in Table 3.1.
5 .2 .2  K in etic  p ro ced u re
The kinetic cure study was carried out using lH-NMR spectroscopy in both solution 
(all complexes) and the bulk state (selected complexes) using a Bruker AC 300 FT 
NMR spectrometer operating at 300.13 MHz, to monitor the behaviour of the 
complexes within an epoxy medium. A ceramic NMR tube spinner and a Bruker B-VT 
1000 variable temperature unit were used for measurements made at 120°C. The 
sample was placed in the NMR probe after the desired temperature had been reached 
and measurements were made at pre-programmed time intervals using an automated 
routine with the spectrometer operating in the unlocked mode for bulk samples and the 
FID signals saved. In solution, spectra were collected over a period of 100 minutes at 
120°C (an acquisition time of 218 seconds per spectrum) and in bulk, over a period of 
60 minutes at 120°C (an acquisition time of 55 seconds per spectrum). As the Zn2+ 
complexes are of d10 configuration they give no electronic spectra, hence no data for 
these complexes are presented. Similarly, the high paramagnetism exhibited by Mn2+ 
causes difficulty in collecting NMR data for these complexes.
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5 .3  D iscu ssion  o f  th e  cu re  p ro c e s s
The reaction mechanism by which imidazole cure occurs with epoxides has 
been postulated in Figure 1-36. However, when considering the kinetics of this 
mechanism, we must take into consideration several factors. Firstly, one must assume 
that dissociation of the metal complexed imidazole occurs rapidly at elevated
temperature, and hence does not interfere with the kinetics of the cure, and secondly
once the dissociated complex has been shown to initiate cure, the metal salt plays no 
further part in the cure reaction.
Buist134 proposed that derivation of kinetic parameters of the imidazole induced-cure 
can be summarised as follows:
A 4M I n  ^ ^  4 A  +  M I «
A + E P  — kj^  A E P
A E P +  E P  — A E P E P
A E P E P  +  E P  — A E P E P E P
A E P ...E P n_i +  E P
kn A E P ...E P n
w h e r e
A  r e p r e s e n ts  th e  P G E -im id a z o le  a d d u c t  
E P  r e p r e s e n ts  th e  E p o x id e  (E p ik o te  8 2 8 )
M  r e p r e s e n ts  th e  tr a n s it io n  m e ta l s a l t  
L  r e p r e s e n ts  th e  c o o r d in a te d  a n io n  (Cl", C H 3C O O  )  
n  r e p r e s e n ts  th e  n u m b e r  o f  c o o r d in a te d  a n io n s
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The kinetic mechanism of the cure process proceeds via a two step process The k} 
step involves epoxide ring opening leading to adduct formation, whilst k2 and 
subsequent steps involve alkoxide induced etherifications. The steps k3 „k.n are 
assumed to be approximately similar since they involve formation of higher oligomers 
of increasing chain length. Using this assumption we can write 
k2 = k3.....kn
The rate equation for the rate of change of epoxide with time is given by:
~~^it =  M a I e p ] +  /£4 E P ]( [A E P ] +  [ a e p e p ]  + . . . +  [ a e p . . . e „ _ , ] )
If the initial concentration of adduct is represented as [A]0then:
[A ]  = [ A L - ( [ A E P ] +  [ A E P E P ] + . . . + [ A E P . . . E „ _ I ] )
Hence the rate equation for the epoxide concentration therefore becomes:
=  kj [ A ] [ E P ] + k 2 [ E P ] ( [ a ] o -  [ A ] )
d[EP].
Considering the initial stage of cure, the k2 term becomes negligible and — 1— Ms
dt
equal to — -—1 therefore, the above equation may be written as: 
dt
_ 4 £ l = k i [ A ] [ E P ]
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Since the epoxide is present in excess throughout the initial adduct formation (ki) 
stage, first order kinetics are to be expected. Once the kj step has been completed and 
all the imidazole adduct concentration has been consumed, the kj term then becomes 
negligible and we can write an expression for k2 (polyetherification step) as:
The equation above again yields first order kinetics, since the initial adduct 
concentration, [A]., is a constant throughout the second stage of the reaction. To
summarise, the rate equations obtained for the ki and k2 stages of this cure reaction 
follow first order kinetic behaviour.
The results were obtained by measuring the !H-NMR spectra as a function of 
time. When the logarithm of the epoxide concentration ln[Epoxide] (derived from the 
NMR measurements) was plotted against time, the results shows that the initial points 
fall on a curve, but the portion containing the remainder of the plot is linear. The 
appearance of these plots show that first order treatment of these data is applicable. To 
obtain kt for the adduct formation step in the cure reaction, the linear portion of the 
data was extrapolated back to the ln[Epoxide] axis and the differences obtained 
between the [Epoxide] obtained from the extrapolated line and [Epoxide] observed 
from the NMR measurements was calculated. A plot was then derived from the In 
(Epoxide differences) against time.
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5 .4  D iscu ssion  o f  th e k in etic  analysis data  
5 .4 .1 'H -N M R  D ata
The proton designations referred to in this section are given in Figure 5-2.
4 c- cIkch2cM ^ > - - £ ^ >
CH j
O  C H 2 C H C H 2 O  'C j / —c
_ nCHj
O H  n
o
o c h 2 c h c h 2
Figure 5-2. Structure o f Epikote 828.
Figure 5-3 depicts a stacked plot for the progressive cure of a sample of 
commercial epoxy resin (Epikote 828) initiated with Cu(PGE-EMI)4(CH3COO")2 (3 
mole-%) in D6-DMSO at 120°C.
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3.0 2.5 2.0 ppm
Figure 5-3. 1H-NMR spectra o f Epikote 828 /Cu(PGE-EMI)4(CH3COO)2 at 120°C 
in D6-DMSO.
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In this curing reaction (Figure 5-3) protons He and Ha in the initial prepolymer 
(representing the oxirane ring) are shifted to new positions (Hc> and Hd’ respectively) 
as cure proceeds and the environment of the protons changes. It is possible to resolve 
protons He, Ha , He’ and Ha in the spectra. It can also be seen from Figure 5-3 that the 
integral of the oxirane protons decreases throughout the reaction as the oxirane ring is 
opened. The methyl protons Ha (of the isopropylidene bridging link) do not participate 
in the reaction and so their chemical shift remains unchanged (and hence may be used 
as a reference signal in a quantitative ratio analysis)114,134. The concentration of epoxide 
was determined from the ratio of the signals from the protons of the oxirane ring and 
the protons of the isopropylidene group (which do not change throughout the course 
of the reaction). This provides two estimates of the concentration of the epoxide at 
each point in the reaction. The data used in this chapter are consistently taken from one 
of these estimates; the complexes were treated in the same manner.
5 .4 .2  S olu tion  K in etics
Plots of ln[Epoxide] versus time were used to determine the rates for the 
reactions. The rate constants were taken from the slopes of the best fit lines by linear 
regression analysis. The correlation constants were typically 0.99. The data only 
showed evidence of a single slope and could be interpreted in terms of an overall rate 
constant (k ). The overall rate of reaction of the complexes with acetate as the counter­
ion are shown in Table 5.1. At the loadings indicated i.e., 3 mole-% of the curing 
agent, Cu, Ni and Co are of the same order of magnitude (10‘4 s"1). This is two orders 
of magnitude greater than that of the ligand alone (10“6 s"1) at this temperature. The 
kinetic data for the Cobalt acetate complex (2d) are shown as Figure 5-4.
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T able 5.1 1H  N M R  k in etic  data f o r  d ifferen t cu rin g  a gen ts at 120°C  
in D 6-D M SO .
C uring A g en t 
(3 m o le -%  incorporation )
k ' rate constant
F )
C u ( C H 3C O O ) 2( P G E - E M I )4 3 .2 5  x  IO 4
N i( C H 3C O O  ) 2( P G E - E M I )4 3 .0 3  x  10  4
C o (C H 3C O O ) 2( P G E - E M I )4 1 .9 3  x  IO 4
A g (C H 3C O O ) ( P G E - E M I )2 7 .6 5  x  1 0  5
A g ( N 0 3 ) (P G E - E M I )2 8 .3 3  x  1 0  d
C u ( N 0 3 )2( P G E - E M I )4 5 .5 0  x  1 0 '5
P G E - E M I 6 .6 7  x  IO '6
Time / mins
F ig u re 5 -4 . F irst order kin etic p lo t o f  E p ik ote 8 2 8 /C o (P G E -E M I)4(CH 3CO O ')2 
(3  m ole% ) in D 6-D M S () at 1 2 0 °C
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The complexes of Silver acetate (5 c) and Copper nitrate (6b) are also of the same 
order of magnitude. The slowest of the complexes is that of Silver with nitrate as the 
counter-ion (5b). The kinetic data for the silver nitrate complex is shown in Figure 
5-5.
o 
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Figure 5-5. First order kinetic plot o f Epikote 828/Ag(PGE-EMI)2N03 
(3 mole %) in D6-DMSO at 120°C.
The slopes of the kinetic plots for all solution data follow the same pattern i.e., first 
order kinetic behaviour is illustrated. However, an exception is the Silver nitrate 
complex. Figure 5-5 shows that the overall rate of reaction using both Hc and Hd 
estimates are somewhat different. This appears to be because the chemical environment 
around Hd and Hc as a result of curing is different. During curing, Hd forms a bond 
with the imidazole Nitrogen, whilst He ring opens to form an alkoxide ion. There is a 
possibility that Silver interacts with this alkoxide ion resulting in formation of a Ag-O' 
bond thereby causing difficulty in monitoring the extent of cure. Also, the apparent 
slow rate may be due to the fact that Silver forms polymeric species105 which are more 
difficult to dissociate. This is supported by the dissociation temperature of the Silver 
nitrate complex (5b) of 197°C (measured by TGA) (Figure 4-8). There is also a
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dependence on the counter ion with the acetates being generally faster than the 
nitrates. One would expect the electron withdrawing effect of the nitrate anion to 
stabilise the complex and thereby reduce the rate of the reaction. The dissociation 
temperature of the Copper nitrate complex (6b) is 130°C and this is the second highest 
dissociation temperature and the second lowest of the rates of the complexes observed.
The order of the rate of reaction for the Cu, Ni and Co complexes follows the 
Irving-Wiliiams series1 5^ of thermal stability and points to the stability of the complex 
as an important factor in their rates of reaction. Interestingly, the rate of reaction is 
proportional to the dissociation temperature in D6-DMSO for these complexes. The 
Copper complex (6e) dissociates at 115°C, the Nickel complex (3d) at 105°C and the 
Cobalt (2d) at 95°C. The presence of the commercial epoxy Epikote 828 reduces the 
stability of the complexes in solution accounting for the observed kinetic results.
5.4.3 Bulk Kinetics
Both the shape of the data and the reaction rates for the Cu, Ni and Co 
complexes are different in the bulk at 120°C, (Table 5.2). The narrow lines and good 
resolution of the spectra make calculation of the epoxide concentration easy, so that 
the full extent of the cure can be observed. There is a marked curvature in the initial 
data, indicating that when the logarithm of the epoxide concentration is plotted against 
time the results show that there is a two stage process occurring. Therefore, it is 
possible to derive two rate constants (k} and k2) for this reaction, instead of the overall 
parameter (k) resulting from the solution studies. Figure 5-6 shows a stacked plot of 
^ -N M R  spectra for a bulk sample containing 3 mole-% PGE-EMI recorded at 120°C 
and Figure 5-7 shows the ln[epoxide] plot showing derivation of both ki and k2, where 
the plot of k] was obtained from the differences between the extrapolation of the linear 
portion of the ln[Epoxide] plot and the points between t = 0 and 10  minutes).
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Table 5 .2 .1H  NMR kinetic data for different curing agents at 120°C 
in the bulk state
Curing Agent 
(3 mole-% incorporation)
ki rate constant (s'1) 
(adduct formation)
k2 rate constant (s'1) 
(polyetherification)
Cu(CH3C O O )2(PGE-EMI)4 5.82 x 10 3 1.08 x 10'4
Ni(CH3C O O )2(PGE-EMI)4 a 5.95 x 10 3 1.45 x 10 4
Co(CH3C O O )2(PGE-EMI)4 4.97 x 10 3 5.67 x 10 5
PGE-EMI 5.18 x 10 3 1 .8 8  x 10 5
ki and k2 refer to Figure 1-34 (Chapter 1).
Kinetic parameters calculated on data collected at 100°C.
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Figure 5-6. 1H-NMR spectra (showing expansion o f the oxirane ring region) of 
progressively cured Epihote 828 (from 0 minutes to 60 minutes at 
120°C) initiated with 3 mole % PGE-EMI.
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Time / Mins
Figure 5.7. Plot of ln[EpoxideJ against reaction time for Epikote 828 cured with 
3 mole % PGE-EMI at 120°C, showing derivation of hi and k2.
The Nickel acetate complex (3d), (Figure 5-8), is reacts faster than the Copper acetate 
complex (6e) both on adduct formation and subsequent reaction.
Time / mins
Figure 5-8. Consecutive first order kinetic plot of Epikote 828 cured 
Ni(PGE-EMl)4(CH3COa) 2  (3 mole %) at
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The slowest complex is still the Cobalt acetate complex (2d), the k2 rate being an order 
of magnitude less than the other acetao complexes. In fact, the rate of the 
polyetherification step for the Cobalt complex is only approximately five times faster 
than that of the parent ligand. A  strong indication for this low k2 rate constant value 
with the Cobalt acetate complex could be due to the formation of the dissociable 
complex (see earlier discussion in Chapter 4 concerning possible formation of an 
hydroxy Cobalt(II) complex) formed as a result of heating, thereby inhibiting the 
polytherification step. This could occur as a result of the Co2+ forming a Co-O' bond 
with the base alkoxide anion, thereby restricting/slowing the polytherification 
mechanism from occurring since the alkoxide anions are coordinated to the Co to some 
extent.
To enable Arrhenius parameters for the Epikote 828/PGE-EMI initiated cure to 
be calculated, a series of measurements were made at different temperatures (see Table 
5.3)
Table 5.3. 1H  NMR kinetic data for Epikote 828/PGE-EMI (3 mole %) 
at a range of temperatures (in the absence of solvent)
Temperature
°C
k] rate constant
(s1)
k2 rate constant
(s1)
100 5.57 x 10 3 5.00x 10 6
105 6 .00x 10 3 6.67 x 10 6
110 6.37 x IO'3 6.67 x 104*
115 6.70 x 10 3 8.33 x 1C6
120 7.47 x 10 3 1.83 x 10'5
125 8.30 x 10'3 2 .00x 10 s
ki and k2 refer to Figure 1-34 (Chapter 1)
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Table 5.3 shows that the ratio of the k]!k2 rate constants is greater than 400 (it varies 
with temperature), therefore it is reasonable to suggest that the epoxide is present in 
excess throughout the first stage.
The Arrhenius parameters can be calculated from the following derived 
equations136:
Arrhenius proposed that rate constants were dependent on temperature as given in 
Equation 5-l(a-b),
~Ea/
k = Ae /RT where A  = pre-exponential factor
Ea = activation energy
Equation 5-1 (a)
Taking logarithms of both sides 
Ink = In A  -  
RT
Equation 5-1 (b)
According to this equation, when the logarithm of the rate constant is plotted against 
the reciprocal of the absolute temperature, a straight line is obtained. The results in 
Table 5.3 were plotted to give an Arrhenius plot as given in Figure 5-9.
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l/T
Figure 5.9. Arrhenius plot o f the oligomer formation reaction (kj) 
and the etherification reaction (k2)
E i
From the Arrhenius plot, the slopes of the lines give a gradient of -  in kJ mol
To convert to kJ mol'1, multiply Ea by 103 x 8.314 J K '1 mof1
The Activation energy for &2was calculated using the above equations and gave 
a value of ±70 kj mof1. This k2 value for the etherification process was then compared 
to similar kinetic studies. Hamerton et a l134 undertook a kinetic study at a series of 
temperatures involving a Cu(PGE-EMI)4C12 initiated experiment at a concentration of 
10 mole %  with a M Y 750 epoxy prepolymer. They found activation energies for kj 
and k2 obtained from Arrhenius plots to be ±45 and ±60 kJ mof1 respectively. The 
activation energy for k2 compares favourably with our estimate (70 instead of 60 kJ 
mof1). Heise and Martin69 conducted a similar kinetic study using an uncomplexed 
imidazole 2-ethyl-4-methyl imidazole, (EMI) at a concentration of 5 mole %. The 
kinetic data obtained gave a k2 activation energy of ±88 kJ mof1. Our estimate of ±70 
kJ mof1 gives reasonable agreement.
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6 .1  S u m m a ry o f  th e syn th etic w ork
The first part of this work concentrated on the synthesis and characterisation of 
chloride and acetato metal complexes of types M(EMT)4X 2 where M  = Mn, Co, Ni, Zn 
and X  = Cf, CH3COO" and M(EMI)2X  where M  =  Ag, Zn and X  = NO f, CH3COO* 
.Following the preparation of the EMI complexes, a series of PGE-EMI metal 
complexes of type M(PGE-EMI)4X 2 were prepared using similar methods to the 
literature and was accomplished without difficulty. The synthesis of the Zinc and Silver 
complexes of PGE-EMI initially posed a problem, but this was overcome by altering 
the solvent conditions (e.g., from ethanol to a methanol/water system) to isolate the 
complexes. All complexes were characterised by spectroscopic means and elemental 
analyses showed all complexes to be isolable in a variety of hydrated forms. Magnetic 
susceptibility measurements however, gave interesting results. The change of ligand 
(e.g., from EMI to PGE-EMI) in some cases caused the spin and oxidation state of the 
metal complex to change. This was shown with the Manganese complex of PGE-EMI, 
where an oxidation state of 3 was observed.
6 .2  S u m m a ry o f  th e T h erm al dissociation  study
The acetato and chloride complexes of PGE-EMI prepared were then used in a thermal 
dissociation study. Variable temperature ^ -N M R  spectroscopy was used to show the 
thermal dissociation of the complexes. The NMR results show the chloride complexes 
to undergo dissociation followed by recomplexation at higher temperatures, than the 
coresponding acetato complexes which undergo dissociation followed by 
decomplexation at lower temperatures. The NMR results also confirm that the 
dissociation temperature was affected by the change in the metal cation and anion. For 
the Silver and Zinc complexes of PGE-EMI, thermogravimetric analysis (TGA) was 
used to show thermal dissociation. TGA (under nitrogen) showed evidence of both 
complexes dissociating over the temperature range studied.
Chapter 6- Conclusions 123
6 .3  S u m m a ry o f  the kinetic study
A  kinetic temperature ^ -N M R  study was carried out using the PGE-EMI complexes 
to evaluate their curing ability within an epoxy matrix. The kinetic NMR study at 
120°C was carried out in both solution and bulk (solvent free) states. The solution 
study was shown to evaluate an overall rate constant (k) for the reaction (Table 5.1) 
and to obey the Irving-Williams series of thermal stability. The bulk study showed 
faster curing rates than the solution study [e.g., the copper acetate complex gave kj = 
5.82 x 10"3, k2 -  1.45 x 10"4 s'^bulk) and k2 =  3.25 x 10'4 s'1 (solution)] and evaluation 
of both ki and k2 rate constants. The study showed the nickel acetate complex to cure 
the fastest,( ki — 5.95 x 10'3 , k2 = 1.45 x 10'4 s"1) but at a lower temperature of 100°C 
(Table 5.2).
6 .4  C on clu sion
The original aims of the project have been achieved, in that the synthesis and 
characterisation of a series of PGE-EMI complexes have been prepared. All the 
complexes prepared underwent dissociation at elevated temperature but only the 
chloride complexes showed evidence of recomplexation behaviour and hence could be 
controllable. NMR evidence showed that the dissociation temperature was affected by 
the change in metal cation (e.g., Mn to Zn) and change in anion (e.g., CH3COO‘, Cf) 
by ca. 10°C. The kinetic ^ -N M R  study showed the acetato complexes to cure the 
epoxy faster in both solution and bulk states.
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